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ABSTRACT
We are now in the midst of a mass extinction crisis. The top threats to
biodiversity include habitat destruction, pollution, over-harvesting, and invasive
species. The field of conservation genetics seeks to understand these threats
and devise management plans to preserve taxa with the ability to cope with
environmental change. Preserving genetic variation and the processes in which
variation is created and maintained is vital to long-term conservation goals.
Limited conservation resources are cause for the prioritization of taxa and areas.
Nine basic methods of prioritization have been developed. Differences in these
methods, result in highly variable target maps however, many list Mesoamerica,
in which the highest diversity of iguanids confined to a single genus, Ctenosaura,
occur. Though ctenosaurs are the most diverse genus of iguanas, have the most
Redlisted species, lack protection and are in danger of extinction, they have been
overlooked. The Ctenosaura palearis complex occurs in central Mesoamerica
and is made up of four endangered species. In order to aid in the conservation of
this biodiversity, a multi-scale molecular evaluation of this complex was
performed. I first used a species tree approach to elucidate the relationships
between the focal species, showing that these species have gone through recent
and rapid speciation, resulting in four closely related endemics. Thus, the
nominal groupings should be upheld and given individual protection. Second, I
evaluated the degree to which gene flow from the widely distributed congener
threatens the genetic distinctiveness of the endemic C. bakeri. Low levels of
introgression indicated no current threat. Hybridization could increase if habitat
vii

destruction or changes in relative abundance increase the probability of
interbreeding. Continued monitoring of this situation is justified. Third, I used a
variety of population genetic techniques to elucidate the genetic structure within
and among populations of C. melanosterna. These results indicate that the
populations in the Valle de Aguán and Cayos Cochinos are not interchangeable.
Thus protection of both areas is necessary, and extreme caution should be used
when implementing breeding and translocation programs. Local conservation
efforts may be evaluated and developed using this information.
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GENERAL INTRODUCTION
According to the International Union for Conservation of Nature (IUCN
2010), as much as 36% of the world’s species and at least 50% of the world’s
animals are threatened by extinction. Mace and Purvis (2008) suggested that 1%
of populations and habitat is being lost per year. The extinction rate that we are
witnessing today is estimated to exceed the natural rate of extinction by 1,000 to
10,000 times (IUCN 2010). We are in the midst of a biodiversity crisis (e.g. Pimm
et al. 1995, Myers and Knoll 2001, Wake and Vrendenburg 2008). In 2002, an
international pledge was made to achieve a significant reduction in the rate of
biodiversity loss by 2010. This goal was far from being met.
The top threats to biodiversity, causing this elevated rate of extinction, are:
habitat destruction and fragmentation, invasive species, pollution and overharvesting resulting from human population growth (Wilson 2002). Conservation
biology seeks to understand and reduce the impact of these threats on
biodiversity loss. This new and growing field must bring together not only
research but also education, outreach, public policy and economics if we are to
be successful in conserving and managing the earth’s biodiversity (Primack
1993).
Preserving genetic variation is an important component in the preservation
of species and populations. Through an understanding of genetics the processes
which create and maintain biodiversity can be managed and protected, such that
adaptive variation is conserved (Mace and Purvis 2008). The field of
1

conservation genetics seeks to understand and elucidate the threats to
biodiversity by incorporating the use of molecular genetic techniques and
developing management strategies that preserve taxa as dynamic entities
capable of dealing with a changing environment (Frankham et al. 2004). Vital to
this field are studies of gene flow, hybridization, genetic drift, accumulation of
deleterious mutations, taxonomic uncertainties, forensics, and inbreeding
depression, to name a few.
Given that conservation funding is often limited, efforts must be made to
organize and prioritize areas and populations that need to be targeted for
protection and management. The task of developing means by which to prioritize
is both daunting and difficult. In a review by Brooks et al. (2006), nine strategies
for prioritization were recognized. Due to the numerous studies focusing on bird
and plant distributions, endemism of these taxa is often used as a measure of
irreplaceability (e.g. Statterfield et al. 1998, Mittermeier et al. 2003, Myers et al.
2000).
One of the most well-known and accepted concepts for prioritization was
developed by Myers et al. (2000) and termed biodiversity hotspots. A total of 25
sites were identified on the basis of plant and vertebrate endemism and total
area. The goal of the hotspots reasoning is to conserve the greatest number of
species while focusing on a small portion of the earth’s land surface. If these 25
hotspots, covering only 1.4 % of the earth’s land surface, are protected, 44% of
all species of vascular plants and 35 % of vertebrate species will be conserved.
The other methods of prioritization use similar criteria of irreplaceability
2

and also include an evaluation of vulnerability. In the comparison of these nine
methods (Brooks et al. 2006), the resulting target maps from each method
overlapped as little as one-tenth of each other, raising controversy over the
validity of the methods. Though there may be inconsistencies, the difficultly in
defining criteria should not lead us away from the overall goal of biodiversity
conservation. If we are to be successful in conserving biodiversity, funds need to
be targeted. Thus these strategies should be seen as a place to start rather than
a place to end (Myers et al. 2000, Mittermeier et al. 2003). Further, and perhaps
more importantly, these methods have been criticized for not incorporating clear
guidance on a local scale and, therefore, in the implementation of conservation
actions on the ground (Mace 2000, Brummitt and Lughadha 2003).
In order to take steps in the direction of localized conservation the
research herein focuses on a unique portion of biodiversity that is found within
the Mesoamerican biodiversity hotspot (Myers et al. 2000), a crisis ecoregions
(Hoekstra et al. 2005) and an endemic bird area (Statterfield et al. 1998). Under
the hotspots criteria, Mesoamerica ranked sixth overall and second in the
number of endemic vertebrates and endemic reptiles. Among the many endemic
reptiles in danger of extinction in Mesoamerica are the ctenosaurs. Of the 11
genera of iguanid lizards, the genus Ctenosaura is the most species rich,
currently encompassing 18 distinct species; is threatened with extinction by
habitat destruction and fragmentation, over-harvesting, and exportation through
the illegal pet trade; and lacks any active means of protection. The Ctenosaura
palearis complex occurs within the center of Mesoamerica, in Honduras and
3

Guatemala. This clade is made up for four species (C. bakeri, C. oedirhina, C.
palearis and C. melanosterna), each identified by the IUCN as threatened on the
basis of limited geographic range, habitat destruction and over-exploitation for
food and pets.
To contribute to the protection of these unique and threatened species
and, thus, a portion of Mesoamerican biodiversity, I have conducted a multi-scale
molecular evaluation of this clade. The first objective was to evaluate the species
boundaries within this clade using a variety of species tree estimation
techniques. Prior to this work the only study that had evaluated all four species
within this group was based solely on morphology (Buckley 1997, Buckley and
Axtell 1997), therefore, genetic data was needed in order to fully understand the
status of these species. The second objective was to evaluate the potential threat
that gene flow from the common and widely distributed congener, C. similis,
could have to the genetic distinctiveness of the island endemic C. bakeri. The
final objective of this research was to elucidate the within and among population
variation of Ctenosaura melanosterna throughout its range in the Valle de Aguán
and Cayos Cochinos, Honduras. Through the use of this information, local
conservation plans and actions may be evaluated and developed so as to
maximize the effects of such efforts.
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PART I. GENE TREES, SPECIES AND SPECIES TREES
WITHIN THE CTENOSAURA PALEARIS CLADE

7

The following section is a slightly modified version of a paper published in the
journal Conservation Genetics:
Pasachnik, S. A., B. M. Fitzpatrick, A. C. Echternacht. Gene trees, species, and
species trees in the Ctenosaura palearis clade. Conservation Genetics. DOI
10.1007/s10592-010-0070-3.

Abstract
The growing use of molecular systematics in conservation has increased the
importance of accurate resolution of taxonomic units and relationships. DNA data
relate most directly to genealogies, which need not have perfect relationships
with species limits and phylogenies. We used a multilocus gene tree approach to
elucidate the relationships between four endangered Central American iguanas.
We found support for the proposition that the described species taxa correspond
to distinct evolutionary lineages warranting individual protection. We combined
gene trees to estimate a phylogeny using Bayesian Estimation of Species Trees
(BEST), minimizing deep coalescence, Species Trees from Average Ranks
(STAR), and traditional concatenation. The estimate from concatenation
conflicted with the other methods, likely owing to the disproportionate effect of
mtDNA on concatenated analyses. This illustrates the importance of appropriate
treatment of multilocus sequence data in phylogenetics. Our results indicate that
these species have gone through recent and rapid speciation, resulting in four
closely related narrow-range endemics.

8

Introduction
It has recently become clear that species trees and gene trees are not expected
to have identical topologies, especially in rapidly diversifying groups (e.g.,
Maddison 1997, Page and Charleston 1997, Degnan and Rosenberg 2006,
Edwards 2009). In addition, gene trees are not expected to be congruent with
species boundaries for many generations after speciation (Wakeley 1996, Funk
and Omland 2003, Forister et al. 2008), unless of course speciation is defined as
the evolution of reciprocally monophyletic gene trees, a practice that would be
misleading for many groups (Hudson and Coyne 2002). These problems are
particularly meaningful in light of the growing influence of molecular systematics
on conservation. A large number of decisions regarding legal status and
management practices have depended on the systematic interpretation of
genetic data (Fallon 2007). Thus, the validity of such interpretations is of more
than academic interest. Here we use several of the most recently developed
methods for using DNA sequence data to evaluate species boundaries and
relationships from a population genetics perspective. We assess the
morphologically and geographically defined species of the Ctenosaura palearis
clade of Spiny-tailed Iguanas and estimate a species phylogeny using multilocus
molecular approaches. The findings of the study will allow for more confident and
thorough management and monitoring of these endangered species.

9

Species designation . Delimiting species boundaries is an important, yet difficult,
component of conservation biology as these are the units most often recognized
and/or given protection through governmental and international agencies (Sites
and Crandall 1997, Peterson and Navarro-Siguenza 1999, Sites and Marshall
2003, Stockman and Bond 2007). In conservation management, a pragmatic
definition of "species" is a distinct group of organisms meriting independent legal
status because extinction of such a group would constitute a substantial loss of
biological diversity. Most biologists probably agree with Allendorf and Luikart
(2007) that species status should be determined based on multiple lines of data,
from phenotypic to ecological to molecular. However, decisions to recognize or
deny species status are sometimes made based on limited and inconclusive data
(see for example, O’Brien and Mayr 1991 and references therein, Karl and
Bowen 1999). Here we illustrate critical analysis and interpretation of the best
available data for an important and endangered group of tropical vertebrates.
The common practice of evaluating species boundaries on the basis of
genetic exclusivity within a gene tree (Herbert et al. 2003a and b, Sites and
Marshall 2003) can create inconsistency between molecular phylogenetic
inference and true evolutionary patterns (Hickerson et al. 2006). This issue is
most troublesome in cases of recent or rapid divergence where retention or
incomplete sorting of ancestral polymorphisms, leading to a lack of reciprocal
monophyly among taxa in the gene tree, is more prevalent (Nigel and Avise
1986, Pamilo and Nei 1988, Avise 1989, Takahata 1989, Avise and Ball 1990,
Wu 1991, Maddison 1997, Hudson and Coyne 2002, Rosenberg 2002, Funk and
10

Omland 2003, Forister et al. 2008, Niemiller et al. 2008). It is well known that
adaptive divergence can dramatically outpace lineage sorting of neutral loci
(Lande and Arnold 1983, Schluter and Smith 1986, Reznick and Ghalambor
2001). Thus, some of the most interesting units of biological diversity might be
missed by uncritical application of genealogical species concepts, and good
species might be denied protection under, for example, the Endangered Species
Act (ESA).
On the other hand, naïve interpretation of genealogical patterns from a
single marker can overestimate species diversity (Agapow et al. 2004, Isaac et
al. 2004) and potentially misdiagnose evolutionarily significant units (Irwin, 2002).
Fallon (2007) found that a large number of listing and delisting decisions by
federal agencies were influenced by genetic data, thus it is imperative that this
information is interpreted correctly. Conservation biologists and managers alike
must be cautious to avoid misinterpreting or over weighting the information
gained from such genetic techniques (Irwin 2002, Isaac et al. 2004).

Species trees and gene trees. When multiple markers are available for resolving
taxonomic questions, multiple individual gene trees are often constructed.
Because single gene trees do not always represent the true species tree
relationships (Maddison 1997, Funk and Omland 2003, Degnan and Rosenberg
2006), understanding the most appropriate way to use multiple gene tree
estimates to inform a species tree is critical (Edwards 2009). This is especially
important in cases where conservation priorities are being assessed.
11

The commonly followed practice of concatenating separate sequences
into a single alignment (Bull et al. 1993, de Queiroz 1993, Huelsenbeck 1994, de
Queiroz et al. 1995) violates the assumption that each character in the data
matrix is independent and ignores the fact that different alleles within a diploid
individual have different true histories. Further, concatenated data can result in
high estimated confidence in the wrong species tree topology when internal
branches are short relative to the rate of gene tree coalescence (the so-called
anomaly zone; Degnan and Rosenberg, 2006) or when only one or a few data
partitions contribute a disproportionate amount of information (commonly the
case for mtDNA).
An early solution to the problem of estimating a species phylogeny from
gene trees is to assume species are reproductively isolated so that the species
phylogeny is a "containing tree" that gene trees must fit within. Then a
parsimonious phylogeny is one that minimizes the number of deep coalescences
(Madisson 1997, Page and Charleston 1997). Recently, methods have been
developed using neutral coalescent theory to calculate the likelihoods of gene
histories given a containing species tree, and then to find the species tree with
maximum likelihood or posterior probability (e.g. COAL Degnan and Salter 2005,
BEST Edwards et al. 2007). These methods assume that different loci follow
independent coalescent processes within a single containing tree where there is
random mating within branches and no gene flow between branches. A third
class of species tree methods uses average genetic distances or coalescent
times between species as a distance matrix from which to infer a phylogeny
12

(Knowles and Carstens 2007, Liu et al. 2009). These methods are more robust to
hybridization, assuming only that interspecific gene flow has not washed out the
expected relationship between divergence time and average genetic similarity
(Niemiller et al. 2008). All of these species tree estimation methods require that
the species taxa be defined a priori, and all assume that species relationships
are essentially tree-like rather than reticulate.
The primary objective of this study is to assess the morphologically and
geographically defined species of the C. palearis clade and to estimate the
relationships between these species using a multilocus molecular approach. We
first evaluated gene tree estimates from two mitochondrial and three nuclear
markers independently. We then performed three analyses: AMOVA, SlatkinMaddison’s s, and constrained tree searches in PAUP*, to address the question
of whether the prior species-level taxonomy accurately reflects distinct
evolutionary lineages. Finally, we combined the gene tree data to estimate a
species tree using three methods: Bayesian Estimation of Species Trees (BEST:
Liu et al. 2008), minimizing deep coalescence (MDC; Maddison 1997), and
Species Tree estimation using Average Ranks of coalescences among
sequences (STAR; Liu and Yu 2007; Liu et al. 2009). For comparison, we also
performed a traditional partitioned Bayesian analysis of concatenated
sequences.

Study group. The Ctenosaura palearis clade is composed of four Critically
Endangered species that have recently become the focus of conservation
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initiatives. C. palearis, the first species of this clade to be described (Stejneger
1899), occurs solely in limited areas within the Valle de Motagua, Guatemala
(Coti and Ariano 2008, SAP pers. obs). In 1968, a new population thought to
belong to this species was described in the Valle de Aguán, Honduras
(Echternacht 1968), and was later described as C. melanosterna based on
morphology and geographic isolation (Buckley and Axtel 1997). C. melanosterna
occurs in limited areas of the Valle de Aguán (SAP pers. obs.) and two islands
(Cayos Cochinos Pequeño and Grande) within the Cayos Cochinos archipelago,
Honduras. C. bakeri was described from the islands of Utila and Roatan, Bay
Islands, Honduras (Stejneger 1901). The Roatan population, however, was split
from C. bakeri and named C. oedirhina based on a morphological analysis of 21
characters (de Queiroz 1987).
The C. palearis clade was hypothesized to be monophyletic based on two
morphological synapomorphies, a lateral dentary flange and frontal-parietal skull
rugosities (Köhler 1995, Buckley 1997). All four species are medium sized
iguanas (200-350 mm snout vent length) that are primarily herbivorous though
opportunistically carnivorous in some life stages (Köhler 2003, Gutsche 2005,
McCranie et al. 2005, Coti and Ariano 2008). C. palearis and C. melanosterna
occur in arid tropical scrub forests. C. bakeri is found primarily in black and
white mangrove forest habitats, though they have also been observed in drier
beach-front habitat (Buckley 1997, SAP pers. obs.). C. oedirhina seems to be a
habitat generalist on the island of Roatan, appearing in mangrove habitat, dry
beach front and heavily developed areas (SAP pers. obs.). With the exception of
14

limited ecological and behavioral data on C. bakeri (Gutsche 2005, Gutsche and
Streich 2009), natural history research on C. palearis (Coti and Ariano 2008) and
the previously discussed morphological work, there is little known about the basic
biology of this clade.
Since the species descriptions, genus level phylogenies using morphology
(Buckley 1997) and RAPDs (Köhler 2000) and a phylogeographic study using
limited sequence data (zero to five individuals per species, evaluated for one or
two molecular markers: Gutsche and Köhler 2008) have been produced. Only the
morphological analysis conducted by Buckley (1997) included representatives of
all four species; thus, a molecular evaluation of this group was warranted.

Methods
Field Collection. DNA samples were collected from individuals across the
geographic range of each taxon in the Valle de Motagua in Guatemala and Utila,
Roatan, Cayos Cochinos, and the Valle de Aguán in Honduras over a four-year
period from 2003 to 2007 (Figure 1). The exact locations of these individuals are
not recorded herein as all four of these species are Critically Endangered and are
listed under CITES Appendix II due to the threats they face from the international
pet trade and look a like status. If desired, additional information concerning this
topic may be requested from the authors.
Upon capture, a digital photograph was taken and snout-vent length, tail
length, sex and weight were recorded, and each individual was given a unique
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dorsal paint mark. The photographs and unique paint marks allowed us to avoid
re-sampling in any given area. Either a one cm section of the tail tip was
removed and stored in 100% ETOH, or a 0.5ml sample of blood was drawn from
the caudal vein and stored in an EDTA buffer (Longmire et al. 1992) for
molecular analysis. For individuals from which a tissue sample was taken, the
area was disinfected with ETOH prior to removal, and pressure was applied to
the wound until bleeding ceased and the area was sealed with a topical skin
adhesive to prevent infection. For individuals from which a blood sample was
taken, the area around the puncture site was disinfected with ETOH before the
blood was drawn and was sealed with a topical adhesive after blood was drawn.

DNA Sequencing. Genomic DNA was extracted using the Qiagen DNeasy
extraction kit (Qiagen, Valcencia, CA). The polymerase chain reaction (PCR) was
used to amplify portions of two mitochondrial markers, 674 bp of NADH
dehydrogenase subunit 4 and 1067 bp of cytochrome oxidase B (CytB), and
three nuclear markers, 418 bp of lactate dehydrogenase A (LDHA) and 569 bp of
polymerase alpha catalytic subunit (PACs) and 393 bp of oocyte maturation
factor Mos (c-mos). The c–mos fragment was amplified using primers G73 and
G74 (Saint et al. 1998). PCR cycling for the c-mos was performed using the
following conditions: denaturation at 94 ºC for 3 min., followed by 30 cycles at 94
ºC for 30 seconds, 55 ºC for 30 seconds, 72 ºC for 90 seconds, and final
extension at 72 ºC for 5 minutes. For all other primer sequences and PCR
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procedures see Pasachnik et al. (2009). PCR products were verified by gel
electrophoresis and successful amplicons were purified using either exonuclease
I/shrimp alkaline phosphatase (ExoSap) or a QIAquick PCR purification kit
(Qiagen, Valcencia, CA).
Sequencing reactions were performed using the PCR primers and were
aligned using Sequencher 4.6 (Gene Code Corporation). Ambiguous base calls
were verified manually by examining the forward and reverse electropherogram
reads. Sequences were aligned manually in PAUP* 4.0 (Swofford 2002) and
verified in MacClade 4.07 (Maddison and Maddison 2005) by comparison with
published sequences on Genbank (see supplementary material). Sequencing
the nuclear markers revealed a few heterozygous sites; however, levels of
heterozygosity were low enough for haplotypes to be determined unambiguously.
The LDHA locus has indels that differentiate between some taxa. C.
melanosterna, C. bakeri, C. oedirhina, and C. palearis all have five fewer bps
than the outgroup. In addition, C. melanosterna consistently has seven fewer bps
than C. bakeri, C. oedirhina, and C. palearis. The missing basepairs were treated
as missing data.
We assayed 166 individuals for the mitochondrial marker ND4. Of these
166 individuals 90 individuals were assayed for the mitochondrial marker CytB,
99 individuals for the nuclear marker LDHA, 37 individuals for the nuclear marker
PACs, and 34 individuals for the nuclear marker C-mos (Appendix Ia; Genbank
accession numbers GU331964-GU332029, GU906218-GU906223, EU271876,
EU271879). In the combined mtDNA gene tree analysis only the 90 individuals
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that we had sequenced for both loci were used. Uneven sample sizes are
reflective of field sampling effort (other projects involving C. bakeri and C.
melanosterna made many more samples from these species available) and by
diminishing returns from sequencing nuclear markers with little nucleotide
variation. Ctenosaura similis was used as an outgroup.

Gene trees. Gene trees were estimated independently for each of the three
nuclear loci using both a maximum likelihood (ML) and a Bayesian approach.
The two mtDNA loci were combined to estimate a mitochondrial genealogy using
only a Bayesian approach. ML analysis was conducted in PAUP* 4.0 (Swofford
2002) using a heuristic search with 1000 random-taxon-addition replicates.
Confidence at each node was assessed using nonparametric bootstrapping
(Felsenstein 1985) based on 1000 pseudo-replicates with 10 random-taxonaddition replicates per pseudo-replicate. The optimal model of sequence
evolution for each locus was determined in Modeltest 3.7 (Posada and Crandall
1998). Bayesian trees and posterior probabilities were estimated using MrBayes
3.1 (Ronquist and Huelsenbeck 2003) with four Markov chains, the temperature
profile at the default setting of 0.2, run for 2 million generations and sampling
every 100th generation with a final burnin of 10,000 generations.

Testing species designations. We performed three analyses to address the
question of whether the prior species-level taxonomy based on morphology and
geography accurately reflects distinct evolutionary lineages. First, rejecting the
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null hypothesis of no population structure is a minimal criterion for delimiting
phylogenetically distinct taxa (Shaffer and Thomson 2007). In Arlequin 3.1
(Excoffier et al. 2005) we used an analysis of molecular variance (AMOVA) as a
population genetic approach to test the null hypothesis of a random distribution of
sequences among nominal taxa and to estimate ΦST among taxa. ΦST is inversely
related to contemporary and historical levels of gene flow, but is also influenced
by mutation and drift. Independent analyses were run using sequence data from
five loci: ND4, CytB, LDHA, PACs, and C-mos. The overall pairwise ΦST
estimates were then calculated by averaging across loci (Arlequin cannot
analyze multilocus sequence data).
Second, we used Slatkin and Maddison’s s (Slatkin and Maddison 1989)
to quantify discordance between the estimated gene trees and the prior species
grouping. This method takes taxon membership as a categorical character state
and finds the minimum number of parsimony steps in taxon membership on each
gene tree. With four taxa, the minimum number of steps under total concordance
is three, therefore the number over and above three was taken as a measure of
discordance. Under a strict genealogical species concept requiring reciprocal
monophyly of gene trees within taxa, any discordance would be grounds for
rejecting the prior species taxonomy. Under more relaxed approaches,
concordance of a subset of markers might be taken as adequate support for
evolutionary independence (Wiens and Penkrot 2002).
Finally, we used the Shimodaira-Hasegawa (S-H) test in PAUP* to test the
null hypothesis of monophyly of prior taxa by comparing the maximum likelihoods
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of constrained trees to the likelihood of the best unconstrained tree using the
RELL approach and 1000 bootstrap replicates (Kishimo et al. 1990, Shimodaira
and Hasegawa 1999, Goldman et al. 2000). This analysis addresses uncertainty
in gene tree estimates in relation to the question of whether the true gene trees
might be reciprocally monophyletic (Felsenstein 2004). As implemented, this test
is capable only of rejecting or failing to reject reciprocal monophyly and failure to
reject should not be taken as support for the null hypothesis. Some species
definitions require reciprocal monophyly of gene trees, and this is a way to ask
whether the data are inconsistent with the reciprocal monophyly criterion.
Because all four taxa are mutually allopatric, we cannot address the
question of intrinsic reproductive isolation (Coyne and Orr 2004, Price 2008). We
also cannot test ecological “exchangeability” because all differences between
taxa are confounded by geography, and we cannot evaluate the degree to which
ecological and morphological differences might be phenotypically plastic. Thus,
the species question for this group is limited to the existence of genetically
distinct lineages, without regard for the potential fate of those lineages if they
were to be geographically reunited.

Bayesian estimation of species trees (BEST) analysis . Using the modified
version of the MrBayes program (BEST) we first tried including the full set of
sequences for all five markers used to create the individual gene trees; however,
the analysis did not run properly because missing data could not be pruned from
individual gene trees. That is, individuals missing sequence data for an entire
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locus still had to be included in the gene tree for that locus, leading to completely
unresolved gene trees being passed from MrBayes to BEST. Thus, a subset of
the individuals, those including data from all markers, was used in our analysis to
estimate the species tree. A total of 27 individuals were included in this subset
and 3062 bps across five loci (ND4, CytB, LDHA, PACs, and C-mos) were
analyzed. Seven individuals of C. melanosterna, three C. palearis, 13 C. bakeri,
three C. oedirhina, and one C. similis (outgroup) were included. For nuclear
markers, diploid individuals do not correspond to the tips of a gene tree because
each individual contains two alleles that may or may not be identical by state and
formally cannot be identical by descent from the previous generation (Nordborg
2001). Construction of a concatenated file such as that required by BEST is
equivalent to randomly sampling one allele per individual. This corresponds to
the coalescent assumption of random sampling of alleles provided that a single
allele is randomly selected from each heterozygous individual. Our data set
included very few heterozygotes and which allele was included did not affect the
topology of the species tree or the support for any node. We verified this by
randomly selecting which allele was used and running these data separately to
compare the resulting species trees and support values. It would be
inappropriate to use the consensus sequence from a heterozygous individual
because heterozygous sites would have to be coded as ambiguous; this
confuses real variation with uncertainty, and could potentially distort inferences
based on coalescent theory.
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The prior distribution of the scaled population size (θ) was an inverse
gamma distribution and we used the default settings for alpha (3.0) and beta
(0.03) (Liu et al. 2008). This corresponds to a relatively uninformative prior and is
appropriate given that little is known about the population size and mutation rates
for this group. When we experimented with other priors, the program often failed
to converge. Two chains with two runs each were run for 100 million generations,
with every 10,000th gene tree saved. The burnin was 20 million generations.
Four independent runs were used to assess consistency in topology. The
posterior probabilities reported on the species tree reflect the average over all
runs.
This hierarchical Bayesian method considers the possibility that both deep
coalescence and uncertainty in gene tree estimates affect discordance between
species and gene trees. BEST incorporates uncertainty in each gene tree by
considering the posterior distributions returned by MrBayes, and uses an explicit
coalescent model to calculate the likelihoods of gene trees given a possible
species tree.

Minimizing Deep Coalescence (MDC). We used Mesquite 2.5 (Maddison and
Maddison 2009) to estimate a species tree using the Deep Coalescence Multiple
Loci approach (Maddison 1997), where calculations of deep coalescence are
simultaneously computed for multiple given gene trees. The Bayesian gene
trees presented herein were used in these constructions. The discordance
between the gene tree and species tree, in this approach, is assumed to be due
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only to incomplete lineage sorting. The gene trees are taken as given and there
is no explicit coalescent model underlying the analysis, only the assumption that
gene tree topologies tend be concordant with the species tree.

Species Tree estimation using Average Ranks of coalescences among
sequences (STAR). Following Liu and Yu (2007) and Liu et al. (2009), we ranked
each interspecific coalescence in each Bayesian consensus gene tree and
calculated the average for each species pair. The pairwise matrix of average
ranks was then used to calculate a neighbor-joining tree. The expected rank for
true sister taxa is always smaller than that for non-sisters if there is no gene flow
after speciation (Liu et al. 2009). Gene flow after speciation will add noise but will
not necessarily make STAR an inconsistent estimator of the species tree. No
explicit coalescent model is assumed, and both gene flow and deep coalescence
can contribute to gene tree discordance in this method. The only assumptions
are that the given gene trees are accurate and that interspecific coalescence
between closely related species tends to be more recent than coalescence
between more distantly related species.

Concatenation. Using MrBayes 3.1 we ran a fully partitioned analysis where each
locus was considered a partition and was assigned its own substitution model,
but all were assumed to have the same tree topology. To avoid the problems
associated with missing data the same 27 individuals that were used in the BEST
analysis where used in this analysis. The MCMC analysis was run for 10 million
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generations sampling every 1000 generations after a burnin on 5 million
generations. We analyzed four separate runs with four linked Markov chains
each. Concatenated analyses can be viewed either as assuming perfect
concordance among the true gene trees (as if there were no recombination
between loci) or as generating some sort of mean gene tree. Either way, the
assumption (required for parsimony or likelihood calculations) that each
nucleotide in the analysis is independent is incorrect when multiple nucleotides
from each of several loci are used. In addition, the assumption of tree-like
relationships among tips is incorrect when more than one individual per sexually
reproducing species is included in the analysis (individual organism relationships
are described by pedigrees).

Molecular dating. In addition to generating a simple Kimura 2- parameter
distance matrix in PAUP* to infer divergence times, we also used both BEAST
version 1.5.3 (Drummond and Rambaut 2007) and r8s version 1.5 (Sanderson
2002) to generate divergence times within the subfamily Iguaninae. There are no
published fossil records corresponding to the focal species in this study, thus,
following Zarza et al. (2008) we incorporated paleontological data from other
iguana species as external calibration points. One calibration point corresponds
to the oldest record of an iguanid lizard, Pristiguana, dated at 93 MYA (Estes and
Price 1973). The second point corresponds to the minimum age of the
appearance of the Iguaninae genus Dipsosaurus, dated at 24 MYA (Carroll
1988). The mitochondrial locus ND4 was used in these analyses, as it is the only
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locus for which sequences are available for all genera within this subfamily. Thus
representatives of all Iguaninae genera plus the ND4 haplotypes elucidated for
the focal species within this study were incorporated.
The input file for the BEAST analysis was constructed using the BEAUTI
interface of the BEAST package (Drummond and Rambaut 2007). It was then
executed using an uncorrelated lognormal relaxed molecular clock model and
substitution model parameters that were based on our modeltest results from the
genetree analysis (GTR, Gamma, Nst=6). The tree model used a randomly
generated starting tree and the Yule Process tree prior. The prior for the tmrca
parameter was a uniform distribution with a lower boundary of 24 MYA and an
upper boundary of 93 MYA. Three runs of one million generations were selected
with a burnin of 10% of the sampled trees. These runs were combined using
LOGCOMBINER 1.5.3 of the BEAST package (Drummond and Rambaut 2007).
We then repeated this analysis using each of the calibration points independently
with a normal distribution prior.
Similarly when using the r8s program (Sanderson 2002) we both
constrained the analysis with the 24 MYA and 93 MYA boundaries and ran the
analysis separately with each calibration point fixed. We used Langely-Fitch,
NPRS and penalized likelihood smoothing algorithms. These analyses were runs
using an ND4 consensus tree created from a Bayesian analysis of
representatives from all Iguaninae genera and the haplotypes of the focal
species elucidated in this study (parameters follow those discussed above for the
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gene tree estimates). We had to prune Brachylophus due to a polytomy that was
preventing the program from running.

Results
Gene trees. The mitochondrial gene tree shows reciprocal monophyly for all four
of the species within the C. palearis clade. The first split separates C. bakeri
from the rest of the C. palearis clade; within the latter group, C. oedirhina is the
sister taxon to a clade comprising C. melanosterna and C. palearis (Figure 2a).
Intraspecific variation occurs within all four species. Only four haplotypes were
found from the 17 individuals sequenced for C. bakeri. Each of the three C.
oedirhina individuals sequenced had unique haplotypes, as did each of the three
C. palearis individuals sequenced from the Valle de Motagua. Seven haplotypes
were observed among 67 C. melanosterna sampled.
Nuclear gene trees were not well resolved, and alleles were shared
among species in every case (Fig. 2 b-d). Only the PACs gene tree showed
coherent structure, with weak evidence of a relationship between C. bakeri and
C. oedirhina and between C. palearis and a subset of C. melanosterna alleles.
While these poorly resolved gene trees give the appearance of discordance,
polytomies are no more indicative of paraphyly than they are of monophyly.

Testing species designations. The AMOVA results reveal variation in the pairwise

ΦST estimates across loci. However, all of the overall ΦST estimates are
significant, indicating that a high degree of variation exists between taxa within
26

each marker. The average percent of variation explained, calculated across loci,
indicates that species differences account for over 75% of the observed genetic
variation (Table 1). For each taxon there is at least one nuclear marker in
addition to the mitochondrial data that supports a significant difference between
the focal taxon and all other taxa. Thus, we can reject the null hypothesis of no
population structure in the group as a whole. Table 2 shows the breakdown of
pairwise differences between all species for all loci as well as averaged across
loci.
Slatkin and Maddison’s s (Slatkin and Maddison 1989) was used to
quantify discordance between our Bayesian estimates of the gene trees and the
previously defined taxa. Given reciprocal monophyly in the mitochondrial regions,
the number of parsimonious steps is three. Likewise, a minimum of three steps
are observed in the PACs, LDHA and C-mos markers (polytomies could always
be resolved to minimize discordance). Thus each marker is concordant with the
previously described species boundaries, with no evidence in the data set of
post-speciation gene flow.
Because some species definitions require reciprocal monophyly of gene
trees (Baum and Shaw 1995, Hudson and Coyne 2002), but our nuclear gene
trees are not well-resolved, we tested whether they are inconsistent with
reciprocal monophyly using the S-H test. Using constrained searches in PAUP*,
we compared maximum likelihoods of constrained reciprocally monophyletic
trees to the likelihood of the best unconstrained trees. The results of these
comparisons indicate that we cannot reject the null hypothesis of reciprocal
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monophyly, as the maximum likelihood scores for the constrained and
unconstrained tree are identical when compared for each locus, except in the
case of PACs, where we find a significant difference between topologies
(p=0.035). The nuclear gene trees are largely unresolved, and thus are
consistent with several hypotheses, and provide no reason to reject (nor support)
a null hypothesis of reciprocal monophyly of all designated taxa, except in the
case of PACs, where all observed alleles appear to be nested within the C.
melanosterna gene tree (Fig. 2d).

Species tree estimation. All three species tree methods (BEST, MDC and STAR)
agreed on a symmetrical phylogeny with C. bakeri being the sister taxon to C.
oedirhina and C. palearis being the sister taxon to C. melanosterna (Fig. 3). Only
BEST provides estimates of support for each node. From run to run in this
analysis, we consistently found high posterior probabilities for both sister pairs.
The relationships between the species tree estimate and each gene tree are
illustrated as a set of four contained trees (Fig. 4). No single gene tree was
perfectly concordant with the species tree estimate.

Concatenation. The partitioned Bayesian concatenated analysis (Figure 5)
agrees with the combined mtDNA gene tree but disagrees in part with the
species tree estimate. Although the concatenated dataset finds support for C.
palearis and C. melanosterna being sister species, it does not find C. bakeri and
C. oedirhina to be sister taxa. Instead, this analysis shows C. oedirhina as being
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the sister taxon to the C. palearis/C.melanosterna pair and C. bakeri then being
the sister taxon to these three. This approach indicates stronger support for each
node than that obtained from the mtDNA data alone (Fig 2a). However, the
concatenated topology is probably an artifact of the disproportionate contribution
of mtDNA to the concatenated data set (57% of the total number of nucleotides
and an even greater fraction of the variable sites in the multilocus data set).

Molecular dating. To estimate the approximate timescale of divergence we
incorporated two external calibration points and ND4 sequence data for
representatives of all of the Iguaninae genera into both the BEAST and r8s
programs in order to estimate date the mrca of the C. palearis clade. In these
analyses our calibration points constrained the Iguaninae to have originated no
more than 93 MYA but not more recently than 24 MYA. From the BEAST
analysis the mrca of the C. palearis clade is estimated at 3.55 MYA (95% CI:
1.33 - 7.17 MYA) and the overall mean mutation rate is 0.0062 (95% CI: 0.0025 0.01) or about 1.2% divergence per million years. Dates for other nodes within
Iguaninae were consistent with Zarza et al. (2008) and Malone et al. (2000).
When 93 and 24 MYA were used as a fixed calibration points the mrca for the C.
palearis clade were 10.417 MYA (95% CI: 4.38 – 21.99 MYA) and 2.73 MYA
(95% CI: 1.13 – 5.89 MYA) respectively. When using the r8s program we found
that the algorithm used did not affect the estimates to a great degree and
estimates ranged from 1 to 5 MYA depending on which fossil was used to fix the
age of the ancestral node.
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Discussion
The results of this study support the prior species-level taxonomy, based on
morphology and geography, of the C. palearis clade. Both tree and non-tree
based analyses are consistent with the current nominal groups. Thus we see
congruence among three crucial lines of data used in delimiting species;
molecular, geographical, and morphological. The level of DNA sequence
divergence among species of the C. palearis clade indicates that speciation
occurred in quick succession a few million years ago, around the same time as
the closing of the Isthmus of Panama. Discordance between gene tree
topologies, and disagreement between the concatenated analysis and the
species tree estimates from BEST, STAR, and MDC, illustrate the challenges of
species tree estimation and the value of appropriate analysis of gene
genealogies in phylogenetics (Edwards 2009).

Species designation. Our analyses show that the four nominal taxa are
genetically distinct, with over 75% of the variation in the data set falling among
species (Table 1). The species in the mitochondrial gene tree are demonstrably
reciprocally monophyletic (Figure 2a). And, though the nuclear gene trees might
appear to conflict, we cannot reject reciprocal monophyly of the underlying gene
genealogies based on the S-H test, except in the case of PACs (p=0.035). That
is, the true gene histories might be completely "sorted" with all alleles within a
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species sharing a common ancestral allele not shared with any other species, but
there are too few mutations in the data set to reconstruct that history. As it is, the
set of nuclear gene trees is consistent with many alternatives, but the mtDNA
data strongly support reciprocal monophyly of the species taxa. Thus, C. bakeri,
C. melanosterna, C. oedirhina, and C. palearis qualify as phylogenetic or
genealogical species and represent isolated and independent evolutionary
lineages.
The debate over how to apply the term "species" pre-dates evolutionary
biology and much confusion and conflict about species concepts stems from the
status of the term “species” as a Linnean rank. Different species definitions may
be equally valid ways of describing real groups in nature. But the groupings they
describe can be different without being mutually exclusive. Monophyletic species
are real things just as reproductively isolated species are real things. Often, the
same group of organisms can be described as both. But the terms (monophyletic
or reproductively isolated) describe separate aspects of the group (or different
stages in a process of speciation [de Queiroz 2007]). When different species
criteria do not coincide (i.e., the groups they delineate intersect but are not
identical), the debate is not about the accuracy with which the criteria describe
the groups. Rather the debate is about which grouping is to be invested with the
honor and prestige of a Linnean rank.
Patterns of concordance and discordance between grouping criteria might
have interesting biological causes. The description of a group as one kind of
species leads to the hypothesis that the same group is also another kind of
31

species. The answer, whether affirmative or negative, leads to further
hypotheses as to why. These kinds of hypotheses constitute an extremely
important component of the study of the evolution of diversity. Since the four
species studied here are mutually allopatric, we cannot currently address the
questions of intrinsic reproductive isolation nor ecological “exchangeability”
(Coyne and Orr 2004, Price 2008). However, our analyses do confirm that the
groups described based on morphological distinctiveness correspond to
genetically distinct lineages.

Timing of speciation. The low level of sequence divergence and lack of resolution
in nuclear gene trees imply that divergence was relatively recent, however there
has been adequate time for reciprocal monophyly of mtDNA gene trees and
three methods of species tree estimation came to concordant results. While
precise inference based on molecular clocks is notoriously difficult (particularly in
light of gene tree-species tree discordance; Edwards and Beerli 2000), the rate of
mtDNA evolution in vertebrates is well enough understood to place divergence
times within the C. palearis clade in the range of 2-7 MYA (Table 3). This rough
estimate is supported by the results found when using both the r8s (Sanderson
2002) and BEAST (Drummond and Rambaut 2007) programs. This indicates that
most diversification occurred around the time of the closing of the Isthmus of
Panama and well before the isolation of the current island of Utila, home of the
endemic C. bakeri and estimated to have been separated from mainland
Honduras 8000-9000 years ago (see Toscano and Macintyre 2003 for sea level
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curves). The now small and isolated geographic ranges of the four species might
reflect range contraction in the face of widespread competitors such as C. similis.
However, given that our best estimate of the species tree places the split
between C. bakeri and C. oedirhina well after the most recent common ancestor
of their mtDNA, it might be that these two island endemics arose more recently
as sea levels rose with melting Pleistocene ice sheets. Likewise, it may be the
case that orogenic activity fragmenting patches of preferable arid habitat in
Guatemala and Honduras has caused the current ranges of C. palearis and C.
melanosterna (on the mainland) as speculated by Buckley (1997).

Species trees and gene trees. Our data show that the C. palearis clade is a
recent radiation with few well-supported relationships that are consistent across
gene trees. Thus resolution of a species tree clearly required a rigorous method
for integrating the information contained in the different DNA sequence
alignments. When we performed a partitioned Bayesian analysis of our
concatenated data set, we obtained a tree topology identical to the mtDNA gene
tree, but with strong support for the internal nodes (posterior probability estimates
> 97%) where the mtDNA topology was not well supported (posteriors of 78%
and 83%). This topology was inconsistent with that estimated by BEST, MDC,
and STAR. Disagreement between multilocus and concatenated analyses is
most likely when internal branches are short relative to population sizes (i.e.,
when gene trees are most likely to be discordant) and/or when one locus
dominates the data set (Degnan and Rosenberg 2006). In our case, the
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disproportionate influence of mtDNA is probably the primary issue and this is
likely to be a common problem in non-model organisms where molecular
resources are limited.
The species tree results also illustrate the importance of sampling. Given
the assumptions that (i) species designations are accurate, and (ii) speciation
corresponds to complete cessation of gene flow, the universe of possible species
trees is strongly affected by the most recent coalescence between species (see
discussion of species tree priors in Edwards et al. 2007, Lui and Pearl 2007, Liu
2008, Liu et al. 2008). When intraspecific gene trees are not reciprocally
monophyletic, the distribution of between-species coalescences will depend on
sample size. This follows from the standard coalescent theory (Wakeley 2008,
Edwards and Beerli 2000). If there are two species, each with two sampled
lineages that do not coalesce more recently than speciation, the expected time to
the first coalescence is 4N/(4*3) generations earlier than speciation. If only one
lineage is sampled per species, the expected coalescence time is 4N/2
generations earlier than speciation, six times older than in the four lineage deep
coalescence case. This principle is illustrated in our data where, for example,
failure to sample certain PACS sequences would reduce support for the sister
relationship between C. melanosterna and C. palearis (Figure 2d; 10/14 sampled
C. melanosterna chromosomes would have supported C. melanosterna as the
sister taxon to the remaining three).
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Conclusions. Resolving the relationships between the four species within
the C. palearis clade demonstrates the challenging nature of estimating a
species tree for a group characterized by recent divergence. This study also
illustrates the importance of using multiple lines of data to evaluate such a
question, especially in cases where conservation and management might
depend upon the conclusions. The commonly used practice of estimating a tree
from concatenated data gives a tree with high support values but one that
conflicts with the (also strongly supported) estimate from explicit species tree
methods. We argue that the concatenated analysis is misleading, as it is heavily
influenced by only one marker, and that the BEST/MDC/STAR species tree is
more likely to be correct. Our analyses agree that the four species taxa in the C.
palearis clade (all listed as Critically Endangered by the IUCN) are recently
derived but distinct and independent evolutionary lineages that should each be
protected as unique elements of Mesoamerican biodiversity.
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Appendix Ia. Figures and Tables
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Figure I -1. Geographic range of the four species within the C. palearis clade
within Central America. Yellow=C. palearis (4-6), green=C. melanosterna
(10-16), blue=C. oedirhina (7-9), purple=C. bakeri (1-3). Numbers
correspond to haplotypes in Figures 2 and 5.
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Figure I – 2. Gene tree estimates: a. mtDNA, b. C-mos, C. LDHA, and d. PACs.
Values above nodes represent posterior probabilities; values below nodes
represent bootstrap values. Asterisk indicates haplotypes that were included
in the species tree analyses. Value within parentheses indicates the number
of sequences used in each analysis. Values outside of parentheses
represent geographic location, corresponding to Figure 1 (if no value is
indicated the haplotype represents all general locations).
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Figure I – 3. C. palearis clade species tree generated from BEST. Posterior
probabilities vary slightly from run to run. Therefore the average values after
160 million generations are reported. Topology remains consistent across
runs and is identical to the topology found using the MDC and STAR
methods.
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Figure I - 4. Relationships between the species tree estimate and each gene
tree: a. mtDNA, b. C-mos, c. LDHA, and d. PACs.
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Figure I - 5. Consensus tree from the partitioned Bayesian concatenated analysis
of the C. palearis clade. Values at nodes represent posterior probabilities.
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Table I - 1. AMOVA results for C. bakeri, C. melanosterna, C. oedirhina, and C.
palearis for five loci independently and then averaged across loci.
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Table I - 2. Pairwise ΦST estimates among the four Ctenosaurs species
sequenced, calculated for five loci independently and then averages across
loci: a) ND4 b) CytB, c) LDHA, d), PACs, e) C-mos, and f) averaged across
loci.
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Table I - 3. Kimura 2-parameter distance matrix
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Appendix Ib. Genbank accession numbers by locus. Localities
refer to Figure I - 1 unless otherwise specified.
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PART II. GENE FLOW BETWEEN AN ENDANGERED ENDEMIC
IGUANA, AND ITS WIDESPREAD RELATIVE ON THE ISLAND OF
UTILA, HONDURAS: WHEN IS HYBRIDIZATION A THREAT?
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The following section is a slightly modified version of a paper published in the
journal Conservation Genetics:
Pasachnik, S. A., B. M. Fitzpatrick, T. J. Near, A. C. Echternacht. 2009. Gene
flow between an endangered endemic iguana, and its widespread relative, on the
island of Utila, Honduras: When is hybridization a threat? Conservation Genetics
10:1247-1254.

Abstract
The island endemic Ctenosaura bakeri was listed as critically endangered by the
IUCN Redlist Assessment in 2004, seven years after it was recognized as a
distinct species. Ctenosaura bakeri occupies a portion of Utila, a small
continental island located off the northern coast of Honduras. Habitat destruction
and over-harvesting are among the top threats facing this species. In addition,
morphological evidence of hybridization was recently documented, raising the
concern that gene flow from the common and widely distributed C. similis could
threaten the genetic distinctiveness of C. bakeri. We show that hybridization
occurs only at low levels and is not a current threat to C. bakeri. All ctenosaurs
captured for this study were identified to species level without difficulty; none had
intermediate or mosaic phenotypes. Sequence analysis of mitochondrial and
nuclear markers revealed only two individuals with introgressed genotypes.
Molecular analysis of the previously described hybrid showed it to be
heterozygous for C. bakeri and C. similis alleles. Hybridization between these
two species is possible and occurs occasionally in the wild, and the rate of
hybridization could increase if habitat destruction or changes in relative
abundance increase the probability of interbreeding. However, the level of gene
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flow indicated by current data is too low to threaten C. bakeri with genetic
swamping or deleterious fitness effects.

Introduction
Natural hybridization is not intrinsically undesirable and may even enhance mean
population fitness and responsiveness to natural selection (Arnold 2006,
Fitzpatrick and Shaffer 2007a). However, interspecific hybridization in nature
presents several challenges for conservation management when it occurs
because of anthropogenic factors or when one of the species involved is
protected (Rhymer and Simberloff 1996, Allendorf et al. 2001). Hybridization can
be a direct biological threat if it reduces population viability owing to the
introduction of alleles that are maladaptive in the local environment or genetic
background (Reisenbichler and Rubin 1999, Allendorf and Luikart 2007). Gene
flow between protected and non-protected taxa also creates difficulty in defining
and distinguishing protected from unprotected individuals or populations thus
complicating management decisions (O'Brien and Mayr 1991, Allendorf et al.
2001, Haig et al. 2004, Fitzpatrick and Shaffer 2007b). Thorough genetic
analysis of wild populations is therefore necessary to guide conservation
decisions. In this paper, we investigate the potential for hybridization and gene
flow between the critically endangered island endemic, Ctenosaura bakeri, and
its widespread relative, C. similis.
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The Utila Spiny-Tailed Iguana, C. bakeri (Stejneger 1901), along with
three other species (C. palearis, C. oedirhina, and C. melanosterna), makes up a
recent radiation of narrow range insular and mainland endemics, occurring in
Honduras and Guatemala. Ctenosaura palearis was the first species of this
group to be described (Stejneger 1899), and C. bakeri was later distinguished
from this species based on scutellation of the tail, dewlap size, and dorsal crest
coloration (Bailey 1928, de Queiroz 1987, 1990). In addition, more recent
morphological and molecular work based on RAPDs (Köhler et al. 2000) and
sequence data (SAP unpublished data) supports this delimitation.
Ctenosaura bakeri is endemic to the small island (41 km2) of Utila, the
most westerly of the Bay Islands (86° 56’ N; 16° 06’ W), which are located 15-50
km off the Caribbean versant of Honduras (McCranie et al. 2005). C. similis
occupies lowland mainland habitats from the Isthmus of Tehuantepec in Mexico
to Panama; and specifically within the Bay Islands is found on both Utila and
Guanaja, the most easterly of the Bay Islands (McCranie et al. 2005).
Preliminary data concerning the molecular phylogeography of C. similis suggest
that the population occurring on Utila is not distinct from that on the adjacent
mainland (SAP unpublished data). In recent years the Bay Islands and Utila in
particular have experienced extensive anthropogenic development, which
threatens the native flora and fauna through habitat destruction, introduction of
non-native species, and pollution. Additionally, over-harvesting of iguanas
persists owing to the lack of environmental protection and enforcement.
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In 1994 the Honduran government designated C. bakeri as ‘in need of
protection’ and in 2004 C. bakeri was listed as critically endangered by the IUCN
Red List Assessment (Zoerner and Köhler 2004). The latter listing was due
primarily to its limited geographic range, increased habitat modification and
destruction, and over-harvesting of adults and eggs. Ctenosaura bakeri is a
charismatic and unique species that has been the subject of substantial
conservation effort, including a captive breeding program, education, and
community outreach. A recent report of hybridization between C. bakeri and its
wide ranging congener, C. similis (Köhler and Blinn 2000), raises the concern
that these conservation efforts will be in vain if C. bakeri is displaced via genetic
swamping or suffers reduced fitness due to hybrid dysfunction or dilution of
important adaptations.
Hybridization between C. bakeri and C. similis was first reported in 2000
when a freshly killed gravid female (Natur-Museum und Forschung-Institut
Senckenberg [SMF] 78870) was brought to the Iguana Research and Breeding
Station (IRBS) on Utila and identified as a hybrid on the basis of morphology
(Köhler and Blinn 2000). Eggs rescued from this female were artificially
incubated, resulting in two viable hatchlings. Coloration and scale
characteristics of these hatchlings were intermediate between C. bakeri and C.
similis. One of these hatchlings was crossed with C. bakeri and fertile offspring
were produced (pers. comm. Lutz Dirksen). In addition, Aurel Heidelberg (pers.
comm.) informs us that ctenosaurs that were thought to be hybrids on the basis
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of morphological characteristics have been observed since the original
documentation by Köhler and Blinn (2000).
Historically, Ctenosaura bakeri has been said to thrive primarily in
mangrove habitats where they seek refuge in hollows in the larger trees (Gutsche
2005). Zoerner and Köhler (2004) reported that these forests encompass only 8
km2 of the island. Because of the vast destruction of the mangrove habitat, C.
bakeri has been displaced and is now often found in dry open areas (Pasachnik
2006). The wide-ranging species, C. similis, prefers dry open areas (Lee 1996,
Savage 2002, Campbell 1998, Köhler et al. 2006), though there are some
records of C. similis in other habitats (Stafford and Meyer 2000) throughout its
range. It is possible that the destruction of C. bakeri habitat and expansion of C.
similis habitat have created new opportunities for contact and gene flow. In
addition, contact between the two species appears most extensive in two areas
where there have been extensive anthropogenic changes. The first is an
abandoned residential foundation where both species can be found in holes in
the cinder block walls. The second is a bed-and-breakfast situated at the edge of
a mangrove stand. The proprietor feeds wild ctenosaurs daily and both species
can be observed in large numbers. These situations may provide new
opportunities for the production and survival of hybrids (e.g., Blair 1941,
Anderson 1948, Anderson and Stebbins 1954, Lewontin and Birch 1966,
Seehausen et al. 1997, Arnold 2006).
With the destruction of mangrove habitats and declining numbers of C.
bakeri on Utila, extensive gene flow from C. similis could lead to "genetic
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swamping" where C. bakeri alleles at many genes are replaced by C. similis
alleles (Rhymer and Simberloff 1996, Allendorf et al. 2001). Introgression of C.
bakeri alleles could also affect the genetic makeup of C. similis, however the
conservation concern is not as great in this case as this species has a wide
distribution throughout Mexico and Central America. The elimination of unique
characters of C. bakeri, potentially including adaptations to mangrove habitats,
could be detrimental to the preservation of this endangered species. However,
the effects of a low level of gene flow (e.g., fewer than one hybridization event
per generation [Wright 1931]) would be negligible, except for universally
advantageous alleles (Barton 1979).

Methods
Several strategies for evaluating the possibility of hybridization have been used
in different contexts (Arnold 2006). We used the joint distribution of field
identification characters to assess whether the Ctenosaura on Utila exist as two
distinct phenotypic clusters, as a mixed array of individuals with diverse character
combinations, or as clusters with a minority of intermediate or mosaic
morphologies. We then compared mitochondrial and nuclear haplotype
distributions between morphologically identified C. bakeri and C. similis to
determine whether or not those two groups could be interpreted as distinct,
isolated gene pools. Finally, DNA sequences from the putative natural hybrid
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housed at IRBF were examined to test whether she had a mixture of C. bakeri
and C. similis alleles.

Field Identification. A total of 599 ctenosaurs were opportunistically captured on
Utila, Islas de la Bahia, Honduras during the summer of 2005, the spring and
summer of 2006, and the summer of 2007. Individuals were collected from the
entirety of the island with the exception of the interior on the western side of the
canal, as it consists of unsuitable swamp habitat. Upon capture a digital
photograph was taken and snout-vent length, tail length and weight were
recorded. All individuals were morphologically evaluated for three characters
that are typically used to distinguish between C. bakeri and C. similis (pers. obs.
A.C.E. and S.A.P., McCranie et al. 2005, Köhler 2003): (1) Color: C. bakeri is
blue to light gray to black, C. similis is a light brownish gray (green on juveniles);
(2) Pattern: C. bakeri may have indistinct crossbands present on the dorsum, C.
similis has distinct crossbands with a pale center along the dorsomedial line; and
(3) Scalation: C. bakeri has one row of intercalary scales between the third and
fifth tail whorls, C. similis has two intercalary scale rows. A unique mark was
given to each individual for future mark-recapture population estimates and to
avoid re-sampling from year to year. A one cm section of the tail tip was
removed and stored in 100% ETOH for molecular analysis. Pressure was
applied to the wound until bleeding ceased and the area was sealed with a
topical skin adhesive to prevent infection.
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DNA sequencing. Sequence data were collected from a subset of specimens
ranging throughout the entire island of Utila (Fig.1) and from the previously
documented hybrid (progeny of SMF 78870). We sequenced 64 C. bakeri and
25 C. similis for the mitochondrial marker ND4, 61 C. bakeri and 25 C. similis for
the nuclear marker LDHA, and 24 C. bakeri and 11 C. similis for the nuclear gene
PACs. Both of the nuclear markers are in non-coding 3’ UTRs. All sequences
have been registered on Genbank (EU268007-EU268017, EU271874EU271881).
Sample processing, sequencing and sequence analysis was performed at
the University of Tennessee with the exception of some samples which were sent
to Yale University for sequencing. Genomic DNA was extracted using the
Qiagen DNeasy extraction kit (Qiagen, Valcencia, CA). The manufacturer's
protocol was modified only by extending the cell lysis step (using Proteinase K)
to at least 15 hours. Iguana iguana tissue samples were taken from a captive
colony at the University of Tennessee for use as an outgroup. Blood samples
from Amblyrhynchus cristatus were obtained from Scott Glaberman and Adalgisa
Caccone at Yale University for use as an additional outgroup. Outgroup choice
was based on phylogenetic proximity (Norell and de Querioz 1991, Sites et al.
1996, Rassmann 1997, Wiens and Hollingsworth 2000, Hollingsworth 2004).
DNA extraction procedures for blood follow that of the Qiagen DNeasy
manufacturer’s protocol.
The polymerase chain reaction (PCR) was used to amplify one portion of
the mitochondrial genome (674 bp of NADH dehydrogenase subunit 4) and two
66

nuclear loci: 418 bp of Lactate dehydrogenase A (LDHA) and 569 bp of
polymerase alpha catalytic subunit (PACs). The ND4 fragment was amplified
using primers ND4 (Sites et al. 1996) and ND4R1 (5´–
CGAAACACCTCTCGGTTTGC–3´) developed specifically for ctenosaurs from
data in Sites et al. (1996). The LDHA fragment was amplified using primers
LDHA1 (5´–AGCCTGGTCTCCTGTCAT–3´) and LDHA2 (5´–
GCAGCAGTGTTGGGAAAAAT–3´) developed from Iguana iguana sequence
data (Hsu and Li unpublished data; AY130249). The PACs fragment was
amplified using primers PACs1 (5´–AGACTTTGCTCCGGGGTATT–3´) and
PACs2 (5´–CTTTCCCCTCCCAAACAAAC–3´), developed from sequence data
for Iguana iguana (Iwabe et al. 2005; AB178527). Amplifications for all
fragments were conducted in a total volume of 25 µl using: 2.5 µl MgCl2, 2.5 µl
10X buffer, 2.0 µl dNTPs, 1.25ul forward primer, 1.25 µl reverse primer, 0.25 µl
Taq polymerase, 12.25 µl ddH2O, and 3.0 µl DNA template.
PCR cycling for the mitochondrial fragment was performed using the
following conditions: denaturation at 94 ºC for 3 min., followed by 30 cycles at 94
ºC for 30 seconds, 50 ºC for 30 seconds, 72 ºC for 90 seconds, and final
extension at 72 ºC for 5 minutes. PCR cycling for the two nuclear fragments was
performed using the following conditions: denaturation at 94 ºC for 3 minutes,
followed by 30 cycles at 94 ºC for 30 seconds, 60 ºC for 30 seconds, 72 ºC for 90
seconds, and final extension at 72 ºC for 5 minutes. PCR products were verified
by gel electrophoresis and successful amplicons were purified using either
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exonuclease I/shrimp alkaline phosphatase (ExoSap) or a QIAquick PCR
purification kit (Qiagen, Valencia, CA).
Sequencing reactions were performed using original PCR primers.
Forward and reverse sequences for each template were aligned using
Sequencher 4.6 (Gene Code Corporation). Ambiguous base calls were verified
manually by examining the electropherograms for the forward and reverse reads.
Sequence alignment was verified using MacClade 4.07 (Maddison and Maddison
2005) with the aid of published sequences from Genbank for Iguaninae. A few
LDHA and PACs sequences had heterozygous sites. Levels of heterozygosity,
however, were relatively low and haplotypes could be determined
unambiguously. LDHA had two species-specific indels. Ctenosaura bakeri
consistently had five fewer bp than C. similis and two fewer than I. iguana.

Sequence analysis. The program DNAsp 4.10.9 (Rozas et al. 2003) was used to
collapse redundant haplotypes. Haplotype trees were constructed using
maximum likelihood (ML) and Bayesian analyses with each locus analyzed
separately. ML analysis was conducted using Paup* 4.0 (Swofford 2002) using a
heuristic search with 1000 random-taxon-addition replicates. Confidence at each
node was assessed using nonparametric bootstrapping (Felsenstein 1985)
based on 100 pseudo-replicates with 10 random-taxon-addition replicates per
pseudo-replicate. The optimal model of sequence evolution for each locus was
determined in Modeltest 3.7 (Posada and Crandall 1998). Bayesian posterior
probabilities were estimated using MrBayes 3.1 (Ronquist and Huelsenback
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2003) with four Markov chains, the temperature profile at the default setting of
0.2, run for 2 million generations and sampling every 100th generation with a final
burnin of 10000 generations.
We compared haplotype distributions between morphologically described
groups and used the estimated haplotype trees to examine the genealogical
concordance of the three markers. To provide a numerical evaluation of the
potential for gene flow, we used allele frequencies to estimate FST between C.
bakeri and C. similis following Weir (1996). While other analyses could be
implemented in cases of extensive hybridization, the simplicity of our results (see
below) makes additional analyses unnecessary to address the question of
whether hybridization with C. similis is likely to have significant effects on the C.
bakeri gene pool.

Results
Field Identification. Visual identification of morphological characters did not
reveal intermediate states between C. bakeri and C. similis for any of the 599
ctenosaurs captured within the time frame of this study. A total of 496 C. bakeri
and 103 C. similis from the island of Utila were visually consistent in coloration,
pattern, and intercalary tail whorls with the character states described and seen
in photographs in standard field guides (Köhler 2003, McCranie et al. 2005).
Intermediate or mosaic character combinations were not observed. Additionally,
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coloration, pattern and intercalary tail whorls observed in C. similis from Utila
were consistent with those observed in C. similis on the adjacent mainland of
Honduras (SAP pers obs).

Sequence Analysis. ND4 sequence data obtained for 89 opportunistically
collected ctenosaurs revealed seven unique haplotypes. Haplotypes 1- 6 were
found primarily within C. bakeri; these haplotypes are very similar to one another
and form a strongly supported group in the haplotype tree (Fig. 2A). Haplotype 7
was found primarily within C. similis and is very distinct from all other haplotypes
(Fig. 2A). Only one C. similis (of 25) did not have haplotype 7; this individual had
ND4 haplotype 1, one of the two most common C. bakeri haplotypes (Table 1).
Likewise, only one C. bakeri (of 64) did have haplotype 7 (Table 1). Thus, the
morphologically identified C. bakeri and C. similis corresponded to two
genealogically distinct groups of ND4 haplotypes with the exception of two out of
89 individuals. This may indicate initial misidentification or past hybridization
events.
The LDHA sequence data obtained from 86 opportunistically collected
ctenosaurs revealed two haplotypes in C. bakeri and four in C. similis (Fig. 2B).
Twenty five morphologically identified C. similis and 61 C. bakeri were
sequenced. Molecular data were consistent with morphological data for all
individuals including those that showed discordance in the ND4 analysis (Table
1). This supports the hypothesis of past introgression and not initial
misidentification.
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A subset of individuals (11 C. similis and 24 C. bakeri) was sequenced for
an additional nuclear marker PACs. Molecular and morphological data were
consistent for all individuals (Table 1). Phylogenetic analysis shows one
haplotype in C. bakeri and two in C. similis for this marker (Fig. 2C). The smaller
PACs data set reinforces the agreement between morphological and molecular
data (Table 1).
Reciprocal monophyly of the gene trees (with the two exceptions noted)
indicates that most of the DNA variation within species is caused by mutation
rather than gene flow between species. Because FST is decreased by both
mutation and gene flow (Weir 1996), the best way to estimate gene flow (Nm the
average number of "immigrants" or number of individuals contributing to the other
species' gene pool per generation) is to first factor out the variation caused by
mutation. In this case, it was simple to categorize haplotypes as "similis alleles"
or "bakeri alleles" and estimate FST using a two-allele model for each marker.
This yields estimates of FST = 0.9522 for mtDNA, and FST = 1.0 for each nuclear
marker for an overall average of 0.984. The corresponding estimate of Nm =
0.004, thus, an average of approximately 4 hybrid matings every thousand
generations is estimated.
Sequence data for two nuclear markers, LDHA and PACs, and one
mitochondrial marker, ND4, were collected for the offspring of the putative hybrid,
SMF 78870. The LDHA and PACs nuclear sequence data show that all sites
distinguishing C. bakeri and C. similis were heterozygous (Fig. 3), indicating that
this individual is indeed a hybrid between C. bakeri and C. similis. The
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mitochondrial sequence data shows this individual’s maternal lineage to be C.
bakeri.

Discussion
Our analysis of distinguishing morphological characters and DNA sequence data
show that Ctenosaura bakeri and C. similis are morphologically and
genealogically distinct and nearly completely reproductively isolated. Rare
instances of genealogical discordance and marker heterozygosity of a putative
natural hybrid indicate that fertile hybrids are occasionally produced in the wild.
The level of gene flow consistent with these observations is far too low to present
a threat to the distinctiveness of C. bakeri. However, the possibility that
hybridization may increase owing to future destruction of habitat justifies
continued genetic monitoring of ctenosaurs on Utila.
Hybridization has been regarded as a complicating factor and even a
threat in conservation contexts (O'Brien and Mayr 1991, Rhymer and Simberloff
1996, Allendorf et al. 2001, Allendorf & Luikart 2007); however, it also may play
an important role in evolutionary processes in both plants and animals (Arnold
2006). To present a credible threat, hybridization must in some way reduce the
viability of a population or result in the replacement of a protected taxon by a less
desirable admixture. Both effects are dependent upon on a high degree of gene
flow. Genetic swamping by foreign alleles that have no effect on fitness is
unlikely when the number of immigrants per generation (Nm) is less than 1
(Wright 1931). Alleles causing local maladaptation or hybrid dysfunction would
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affect C. bakeri only if gene flow is also large relative to the strength of selection
(e.g., Lenormand 2002). Thus, even if our estimate of gene flow (Nm = 0.004) is
off by a factor of 100, hybridization with C. similis is unlikely to have a substantial
effect on C. bakeri. This conclusion is supported by the absence (in a sample of
599) of individuals with intermediate or mosaic morphological characteristics.
From the molecular evaluation of the putative hybrid described by Köhler
and Blinn (2000) and the fact that she produced viable offspring in captivity, we
know that fertile hybrids can be produced when C. bakeri and C. similis mate.
One may thus speculate that the frequency of hybrids would increase if the
frequency of interspecies matings were to increase or if ecological conditions
favoring hybrid genotypes were to become widespread. Habitat disturbance can
have the effect of breaking down barriers to interbreeding and/or generating an
array of potential "hybrid niches" (Anderson 1948). While the two wild-caught
individuals with introgressed genotypes were sampled from disturbed habitats
(described in the introduction), we have no statistical power to support a
proposition that hybrids are more likely to be encountered in disturbed areas than
in pristine areas.
Ctenosaura bakeri is listed as critically endangered by the IUCN and as in
need of protection by the Honduran government because this species requires
two rapidly disappearing habitats on Utila. Adults depend on mature red, black
and white mangrove forest habitats for food and retreat sites, and relatively
undisturbed sandy beaches for nesting (Zoerner and Köhler 2004). As this
optimal habitat is destroyed, ecological interactions with C. similis may contribute
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to the decline of C. bakeri if competitive interactions prevent the latter from using
a broader range of habitats. Although concerns over a genetic threat from
hybridization are not supported by our research, increased habitat destruction
could increase the potential for hybridization. Thus, it seems clear that
conservation efforts should focus on preservation and restoration of mangrove
stands and nesting beaches in order to combat both direct and indirect affects of
this destruction and to improve the chances of persistence for C. bakeri.
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Appendix IIa. Figures and Tables
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Figure II - 1. Markers indicate sampling sites for Ctenosaura bakeri (black) and
C. similis (white) on Utila, Honduras. Numbers indicate how many
individuals of each species were used in the molecular analysis from each
area.
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Figure II - 2. Consensus phylograms of Ctenosaura bakeri and C. similis
haplotypes, from Utila, Honduras. A) ND4, B) LDHA, C) PACs. Numbers
before nodes indicate bootstrap support from Maximum Likelihood analysis
and posterior probabilities from Bayesian analyses. Amblyrhynchus critatus
was used as the outgroup.
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Figure II - 3. Examples of heterozygous sites in A) LDHA and B) PACs nuclear
genes for Ctenosaura bakeri, C. similis, and the putative hybrid described by
Köhler and Blinn (2000) from Isla Utila, Honduras.
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Table II - 1. Distribution of ND4, LDHA and PACs Ctenosaura bakeri and C.
similis haplotypes from Utila, Honduras. Haplotype numbers correspond to
Figure II - 2.
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PART III. POPULATION GENETICS OF CTENOSAURA
MELANOSTERNA: IMPLICATIONS FOR CONSERVATION AND
MANAGEMENT
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The following section is a slightly modified version of a paper that has been
submitted to the journal Diversity and Distributions.

Abstract
In conservation, difficult decisions concerning prioritization of different geographic
areas must be made. Large-scale prioritization methods such as defining
biodiversity hotspots and crisis ecoregions have paved the way, however, these
efforts then need to be localized. Various approaches have been taken, such as
defining evolutionarily significant units (ESUs), management units, and core
habitat areas within the range of a taxonomic species. These units can then be
ranked as candidates for conservation, with the goal of preserving a given
species by protecting only a subset of populations. Here we use a combination of
AFLPs and DNA sequence data to elucidate the relationships within and among
populations of the spiny tailed iguana, Ctenosaura melanosterna, throughout its
range in Honduras. Our findings indicate that there are two ESUs corresponding
to geographically and ecologically distinct island and mainland habitats.
Management strategies consisting of translocation or captive breeding and
release should not consider the island and mainland populations exchangeable.
In addition, the narrow geographic range of each group suggests that no region
or subpopulation is likely expendable. This study demonstrates a situation, most
likely increasingly common in conservation, in which it seems that only the high
priority areas remain.
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Introduction
We are in the midst of an extinction crisis, in which biodiversity is being lost at a
rate that greatly exceeds that of the natural rate at which species have gone
extinct throughout time (e.g. Pimm et al. 1995, Myers and Knoll 2001, Wake and
Vrendenburg 2008). Habitat destruction, overexploitation, pollution, invasive
species, disease and climate change are among the top threats to biodiversity.
The development and enforced protection of designated areas, and programs for
captive breeding and re-introduction, are among the top means by which
conservation biologists combat this loss. In principle, and given the limited
amount of funding available for such conservation initiatives, these efforts should
be prioritized so as to maximize what is protected.
Large-scale methods of prioritizing areas in order to protect the greatest
amount of biodiversity have been developed using the criteria of vulnerability and
irreplaceability. These methods include the development of biodiversity hotspots
(Myers et al. 2000), crisis ecoregions (Hoekstra et al. 2005), last of the wild
(Sanderson et al. 2002), and high biodiversity wilderness areas (Mittermeier et al.
2003) to name a few (see Brooks et al. 2006 for a complete review). Controversy
has been raised over these various methods of prioritization due to confusion
over their criteria, resulting in target maps that overlap as little as one-tenth of
each other (Brooks et al. 2006). In addition, these methods have been criticized
for not incorporating clear guidance on a local scale and thus for inherent
weakness when applied to the implementation of conservation actions on the
ground (Mace 2000, Brummitt and Lughadha 2003).
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In practice, decisions regarding reserve establishment center around
flagship or charismatic threatened species (Caro et al. 2004), and a variety of
socioeconomic factors (Davis 2005, Stewart and Possingham 2005). Even so,
two questions should be addressed in these cases so that funds are allocated in
the most effective way. First, are the individuals to be protected representative of
the target species or will a given reserve system fail to protect an irreplaceable
component of the group’s evolutionary diversity? And second, are the
populations to be protected viable in the long term or will efforts be wasted by
setting aside marginal sites that are not likely to be self-sustaining?
To address the first question, conservation biologists have developed
concepts like distinct population segments (DPS, as defined under the
Endangered Species Act [ESA]) and evolutionarily significant units (ESU's –
Ryder 1986, Waples 1991, Dizon et al. 1992, Mortiz 1994, Crandall et al. 2000).
Protecting such variation might be important for aesthetic or cultural reasons, but
also for preserving the evolutionary processes that create diversity (Ryder 1986,
Waples 1991, Crandall et al. 2000). Thus, focusing on intraspecific variation, or
the preservation of multiple populations, by defining these units is a vital
component to conservation and management, and is critical to the long-term
persistence of a species (Hughes et al. 1997, Hobbs and Mooney 1998, Luck et
al. 2003, Avise 2005). Though there is ample evidence for this, there are still
issues surrounding how to define and identify these intraspecific units (Woinarski
and Fisher 1999).
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In 1986 Ryder proposed that evolutionarily significant unit (ESU) status
should be given to populations that represent significant adaptive variation based
on concordance between data sets, such as natural history, distribution and
genetics, and that gene flow should be considered and protected. Under the ESA
protection can be granted to DPSs. The definition of a DPS is, however, unclear.
In 1991 Waples proposed that DPSs be equivalent to ESUs, and two criteria
were given: populations must have been reproductively isolated and be
adaptively distinct, thus representing distinct components of an “evolutionary
legacy.” These criteria, however, may restrict each other because if reproductive
isolation is ensured, the creative role that gene flow may provide in adaptive
distinctiveness is eliminated and thus some evolutionary potential may not be
protected.
In 1994 another framework was proposed, which stated that populations
must be reciprocally monophyletic for mtDNA and show significant divergence at
nuclear loci in order to be given ESU status (Moritz 1994, Moritz and Cicero
2004). This approach focuses on neutral loci and thus ignores adaptive
differences in favor of protecting history. Under this framework small populations
that have been greatly affected by a bottleneck, for example, might be the ones
that are given ESU status. In addition, the evolutionary process will not
necessarily be protected because of the explicit focus on phylogeographic history
rather than local adaptation and gene flow. Similarly, groups that have gone
through rapid diversification will not necessarily be given the chance to persist
independently under this framework.
88

Crandall et al. (2000) proposed criteria for ESUs that focus on genetic and
ecological exchangeability in the past and present, emphasizing a continuum of
possibilities. ESU status comes from rejecting exchangeability, but there is a
continuum of management recommendations depending on the combination of
ecological and genetic outcomes in both a historical and recent setting. A
difficultly with this concept is that ecological exchangeability is rarely testable by
direct experimentation. This framework does, however, focus on adaptive
differences and evolutionary potential, and acknowledges the importance of gene
flow in management.
A common problem in defining ESUs is that too few or too many
populations receive status, which is due in part to the many definitions. Waples
(2006) reviewed the various definitions in the context of Pacific salmon
(Oncorhynchus spp.; Salmonidae). He concluded that they are problematic as his
review resulted in either one or hundreds of ESUs depending on the criteria
used. Thus, he called for additional studies using empirical data. The subjectivity
of the different definitions is problematic, but identifying what is likely to be lost
versus maintained, and evaluating alternative management strategies must be
the overall goals of conservation science.
The objective of the research herein is to understand the genetic structure
of the spiny tailed iguana, Ctenosaura melanosterna, including potentially
adaptive differences, within and among its remaining populations, which are
subject to varying levels of protection. We use mtDNA and AFLP data to test
whether populations are genetically exchangeable and evaluate whether there is
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evidence of recent demographic instability (which might imply problems with
population viability over and above the overt anthropogenic threats (Finn et al.
2009)).

Study System. Ctenosaura melanosterna is a medium sized spiny tailed iguana
(200-350 mm snout vent length) that is primarily herbivorous though
opportunistically carnivorous in some life stages (Köhler 2003, Gutsche 2005,
McCranie et al., 2005). The species is endemic to Honduras and occurs within
approximately 1316 km2 of arid tropical scrub forest in the Valle de Aguán (north
central mainland) and on two islands of the Cayos Cochinos Archipelago (Cayos
Pequeño and Cayos Grande). It occurs, therefore, in the Central American
biodiversity hotspot described by Myers et al. (2000) and in a crisis ecoregion as
described by Hoekstra et al. (2005). Buckley and Axtel described C.
melanosterna in 1997 on the basis of morphology and geography. The
population in the Valle de Aguán was first noted in 1966 and assigned to
Enyaliosaurus palearis (Echternacht 1968).
The island and mainland populations of this species are separately listed
as Critically Endangered by the IUCN Red List Assessment (2010) based on
limited geographic range, increased habitat fragmentation and destruction, and
over-harvesting of adults and eggs. Wilson and McCranie (2004) have declared
C. melanosterna as one of the top four most ecologically vulnerable species in
Honduras. This species has also been accepted for CITES Appendix II listing
due to the threats posed by the international pet trade and its similarity to C.
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palearis. Considerable variation exists however, between, and in some cases
within, the mainland and the island regions in terms of threats and protection.
The two islands of the Cayos Cochinos Archipelago are within the Cayos
Cochinos Natural Marine Reserve (CCANMR) administered by the Honduran
Coral Reef Foundation (HCRF). Though both islands are technically protected,
Cayos Pequeño gains additional protection through the presence of the HCRF
research station. Cayos Grande has a small village and tourist resort on it and
thus has increased threats due primarily to harvesting and feral dogs and cats
(SA Pasachnik, CE Montgomery pers. obs.). The populations on the mainland
have little to no local protection and a higher threat level. There is a population of
C. melanosterna that occurs within Pico Bonito National Park in the Valle de
Aguán; however, this population is not afforded much protection due to a lack of
policing in the area. In addition, the populations in the Valle de Aguán as a whole
are threatened by large-scale habitat destruction and fragmentation, feral dogs
and cats, and harvesting of adults and eggs. Harvesting is greatly increases in
this areas due to a festival that celebrates the consumption of this species.
Given the extreme nature of the threats to the Valle de Aguán populations,
it will be difficult for C. melanosterna to persist if the current rates of habitat
destruction and consumption continue. Increasing the level of protection on the
mainland will be no easy task. Thus, understanding the urgency of this action is
important. Protection is already in place for the Cayos Cochinos populations
(though it does vary between islands). Thus the question becomes, is the
species adequately conserved if the Valle de Aguán population is allowed to go
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extinct and C. melanosterna persists only on the Cayos Cochinos? If iguanas in
the two regions are genetically distinct and locally adapted, this lack of
exchangeability supports the need for increased protection of the Valle de Aguán
populations.
As part of an ongoing project characterizing the distribution of C.
melanosterna within the Valle de Aguán (SA Pasachnik pers. obs.), the habitat
has been surveyed for a variety of characteristics. The dominant tree species is
Acacia riparia (Leguminosae). Other abundant plants in the region include:
Opuntia sp., Stenocereus sp. (Cactaceae), and to a lesser extent Hematoxylum
brasileto (Caesalpiniaceae), all of which are eaten by C. melanosterna. The
average height among sites of the maximum emergent tree is 12m and the
average height of the canopy is 5m. Deforestation as well as soil and water
contamination is very high in these areas due to local agricultural activity
associated with cattle farming and the presence of a large Dole fruit plantation
(see Figure 1 and Appendix I for photos).
Bermingham et al. (1998) conducted a survey of Cayos Cochinos
Pequeño over a four-day visit in 1995. During this time, a preliminary inventory of
the flora and a characterization of the different vegetation types were conducted.
The dominant vegetation type found was evergreen oak forest, which is
estimated to cover approximately 50% of the island and be made up of at least
90% Quercus cf. oleoides (Fagaceae). The understory in these forests is made
up of Calliandra (Fabaceae-Mimosoid), Connarus (Connaraceae), Alibertia edulis
(Rubiaceae), Cupania (Sapindaceae) and Ouratea (Ochnaceae) (Bermingham et
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al.1998). Most of the oak trees are slow growing yet several hundred years old,
ranging from 5 – 10 m in the windier areas of the island to 35 m tall along some
of the ridges. Most have hollow tree trunks, which are known to be optimal retreat
sites for iguanas. Mature mixed forests also occur to some degree on the island,
where few oak trees are found and the canopy consists mostly of evergreens
ranging from 30 to 35 m tall. Palms are scattered throughout the island and on
the three main beaches. Button mangrove (Conocarpus erectus, Combretaceae)
and mangrove fern (Acrostichum aureum, Adiantaceae) can also be found in a
small marsh area on the island (Bermingham et al. 1998; see Appendix I for
general habitat photos). Though this survey was only conducted on Cayos
Cochinos Pequeño, the islands are ecologically extremely similar (Wilson and
Cruz Diaz 1993; SA Pasachnik and CE Montgomery pers. obs.).
There is little to no overlap in the vegetation of these two geographic
isolates of C. melanosterna. Cayos Cochinos is dominated by evergreen oak
forest whereas Acacia and cacti dominate the Valle de Aguán. Given that there is
little to no overlap in vegetation, it is clear that individuals from each population
have different diets. Likewise there are expected differences in reproductive
biology as the different habitats afford different soil types and occur in areas of
highly different weather patterns (SA Pasachnik pers. obs.), thus the egg
deposition, clutch size, and timing of reproduction most likely vary (Colli 1991,
Gillis and Ballinger 1991, Iverson et al. 1993, Jenkins et al. 2009). In addition to
ecological differences, the geography of the area clearly shows that the mainland
and island populations are not only separated by an expanse of land but also by
93

the Caribbean Sea (separating the islands from the mainland 8,000-9,000 years
ago, see Toscano and Macintyre 2003 for sea level curves). Thus, current gene
flow between these areas is extremely unlikely.

Methods
Field Collection. DNA samples were collected from individuals across the
geographic range of C. melanosterna within the Valle de Aguán and Cayos
Cochinos in Honduras over a five-year period from 2004 to 2009 (Figure 1). The
exact locations of these individuals is not recorded herein as the two geographic
isolates of this species are Critically Endangered and listed under CITES
Appendix II due to the threats they face from the international pet trade. If
desired, additional information concerning this topic may be requested from the
authors.
Upon capture, a digital photograph was taken and snout-vent length, tail
length, sex and weight were recorded. In addition, each individual was given a
unique mark to avoid re-sampling from year to year. Either a one cm section of
the tail tip was removed and stored in 100% ethanol, or a 0.5ml sample of blood
was drawn from the caudal vein and stored in an EDTA buffer (Longmire et al.,
1992) for molecular analysis. For individuals from which a tissue sample was
taken, the area was disinfected with ethanol prior to removal, and pressure was
applied to the wound until bleeding ceased and the area was sealed with a
topical skin adhesive to prevent infection. For individuals from which a blood
sample was taken, the area around the puncture site was disinfected with
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ethanol before the blood was drawn and was sealed with a topical adhesive after
blood was drawn.

DNA Sequencing. Genomic DNA was extracted using the Qiagen DNeasy
extraction kit (Qiagen, Valcencia, CA). The polymerase chain reaction (PCR) was
used to amplify portions of two mitochondrial markers, 674 bp of NADH
dehydrogenase subunit 4 and 1067 bp of cytochrome oxidase B (CytB). For
primer sequences and PCR procedures see Pasachnik et al. (2008). PCR
products were verified by gel electrophoresis and successful amplicons were
purified using either exonuclease I/shrimp alkaline phosphatase (ExoSap) or a
QIAquick PCR purification kit (Qiagen, Valcencia, CA).
Sequencing reactions were performed using the PCR primers and were
aligned using Sequencher 4.6 (Gene Code Corporation). Ambiguous base calls
were verified manually by examining the forward and reverse electropherogram
reads. Sequences were aligned to published Ctenosaura sequences from
GenBank using MacClade 4.07 (Maddison and Maddison 2005). We assayed 81
individuals for the two mitochondrial markers. Ctenosaura palearis was used as
the outgroup. All sequences have been registered on Genbank (GU331986GU331993, GU332005-GU332012, GU906223).

Mitochondrial DNA analysis. The two mtDNA loci were combined to estimate a
mitochondrial genealogy using a Bayesian and Maximum Likelihood approach
(ML). Bayesian posterior probabilities were estimated using MrBayes 3.1
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(Ronquist and Huelsenbeck, 2003) with four Markov chains, the temperature
profile at the default setting of 0.2, run for 2 million generations and sampling
every 100th generation with a final burnin of 10,000 generations. ML analysis was
conducted in PAUP* 4.0 (Swofford 2002) using a heuristic search with 1000
random-taxon-addition replicates. Confidence at each node was assessed using
nonparametric bootstrapping (Felsenstein 1985) based on 1000 pseudoreplicates with 10 random-taxon-addition replicates per pseudo-replicate. The
optimal model of sequence evolution for each locus was determined in Modeltest
3.7 (Posada and Crandall 1998).
Using the program Arlequin version 3.11 (Excoffier et al. 2005) we tested
various hypotheses of genetic structuring by running AMOVA analyses based on
a priori groupings created by considering geographic barriers. The first grouping
tested considers the two island populations together, the north side of the Rio
Aguán and the south side of the Rio Aguán as three separate groups. The
second tests the islands individually as well as the north and south side of the
river, as four different groups. We then used the program SAMOVA version 1.0
(Spatial Analysis of Molecular Variation, Dupanloup et al. 2002) to explore the
population structuring without the use of any a priori groups. This method assigns
sampling sites or populations to groups based on geographic proximity and
genetic homogeneity through a simulated annealing procedure. The number of
groups must be specified for each run. Since we sampled 12 locations we
assessed each number of groups ranging from two to 11 with 100 simulated
annealing simulations. By exploring different numbers of groups, the most likely
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groups could be determined based on the resulting F statistics (Dupanloup et al.
2002), which are calculated using an AMOVA approach (Excoffier et al. 1992).
Once these groups were chosen we used the same groupings in Arlequin to
estimate p-values relative to 10,000 randomizations.

Demographic Statistics. To evaluate the possibility that populations have recently
experienced large demographic changes, we followed Finn et al. (2009) in testing
the mtDNA data for deviations from mutation-drift equilibrium using standard test
statistics in DnaSP (Rozas et al. 2003). We used the results from SAMOVA,
AMOVA and a priori groups based on geography to determine how to define
populations. Since there was some variation in these results we report on the
Cayos Cochinos islands together and separate and the Aguán Valley populations
together and then grouped by the north and south sides of the Rio Aguán.
The demographic statistics used include: mean absolute error (MAE),
raggedness, Fu’s Fs, Tajima’s D, Fu and Li’s D and Ramos-Onsins and Roza’s
growth statistic (Finn et al. 2009). MAE is the differences between the observed
mismatch distribution and the theoretical mismatch distributions under
demographic expansion (for example, following a severe bottleneck). Thus MAE
decreases as the probability of expansion increases (Rogers et al. 1996).
Raggedness describes the smoothness of the observed pairwise difference
distribution and is expected to decrease with expansion, which increases
smoothness (Harpending 1994). Fu’s Fs (1997) compares haplotype frequencies
of the observed and expected (using the Ewens 1972 model, which assumes
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migration drift equilibrium and neutral mutation). Negative values, indicating a low
probability of the observed population having as many haplotypes as the Ewens
simulation, are expected with population expansion. Tajima’s D compares the
number of segregating sites and nucleotide diversity to test the hypothesis that
all mutations are neutral. Values are negative under population expansion. Fu
and Li’s D* (1993) is similar to Tajima’s D but computes the number of singletons
in the external branches and is expected to be negative with population
expansion. Ramos-Onsins and Rozas R2 statistic (2002) also accounts for
singletons and has higher values with population expansion. Ramos-Onsins and
Rozas R2 statistic is more powerful for small populations whereas Fu’s Fs is
most powerful when the population is large. For all demographic statistics, except
MAE, significance was assessed using 1000 coalescent replicate simulations,
where the observed number of segregating sites was held constant and no
recombination was allowed. In addition, significance for Tajima’s D and Fu and
Li’s D* was generated from the original test of the data.
We then categorized each group using these six demographic statistics.
The possible categories of demographic stability range from 1 – 5; 1 represents a
monomorphic group inferred to be resultant of a recent founder effect or extreme
bottleneck, 2 represents a recent strong bottleneck inferred from all statistics
being significantly high, 3 represents a historic bottleneck inferred from some
statistics being significantly high, 4 represents a long-term demographic stability
inferred from no significant result, and 5 represents long term growth signature
inferred from some statistics being significantly low (Finn et al. 2009).
98

While deviations from mutation-drift equilibrium might indicate
demographic instability (and therefore, lower conservation value), they might also
be caused by natural selection or population structure, and these alternatives
cannot be distinguished when only a single marker is tested (Misawa and Tajima
1997, Tajima 1996). In addition, inference 4 (“long-term stability”) is based on
failure to reject a null hypothesis and is therefore inherently weak. Rigorous risk
assessment might better be approached from a Bayesian perspective where a
variety of priors are explored and their probability assessed, instead of simply
rejecting or accepting the null hypothesis.

Nuclear data analysis. AFLP markers were obtained following the general
procedure described by Vos et al. (1995), using four different selective primers
(Fitzpatrick et al. 2008). The presence or absence of fragments was determined
by running fluorescently labeled PCR product in an ABI 3100 sequencer at the
University of Tennessee’s sequencing facility. Peaks were aligned and called in
both Genescan ® Analysis Softeware (Applied Biosystems) and Peak Scanner TM
Software v1.0 (Applied Biosystems), and then verified through visual inspection
of each chromatogram. A complete technical replicate, from restriction-ligation
through selective PCR, was performed for each individual by multiplexing with
two different colored primers. Only those sites and individuals that showed the
same pattern with both color primers were used in this analysis.
To evaluate population structure without a prior assumptions of groups,
we used the clustering MCMC algorithm in Structure 2.2 (Pritchard et al. 2000,
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Falush et al. 2007). To infer the number of genetic clusters (K) best supported by
the data, we used both the approximate posterior probabilities (Pritchard et al.
2000), and) delta K method. For each K from 1 to 8, we ran the MCMC 10
independent times with 10,000 burn-in generations and 100,000 sampling
generations. Due to inconsistency in missing data between primers the data from
each primer was evaluated separately. Then all individuals with any missing data
were removed and the analysis was repeated, such that 51 individuals were
included. Lastly we removed the loci that were thought to be under selection, as
discussed below, and repeated the analysis.
To directly address the question of island-mainland differentiation, we
estimated multi-locus FST using AFLP-SURV 1.0 (Vekemans 2002) and screened
for individual outlier markers using BayeScan (Foll and Gaggiotti 2008).
BayeScan uses posterior probability estimates to evaluate hierarchical models in
which individual loci or populations are allowed to contribute differentially to the
overall FST. AFLP markers linked to loci contributing to differential local
adaptation between island and mainland habitats are expected to show greater
than average FST if there is ongoing gene flow or if isolation is recent (such that
mutation and drift have not yet maximized FST for most markers). Because we
were concerned with rigorously evaluating the possibility of local adaptation
rather than identifying or counting candidate loci, we used a high threshold (Pr{αi
≠ 0 | data} > 0.99) for accepting evidence of divergent selection. This is expected
to produce a high false-negative rate for AFLP's if the underlying model is correct
(Foll and Gaggiotti 2008). However, unrecognized population structure (Excoffier
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et al. 2009) or deviations from the assumed mutation process for AFLP's might
increase the false-positive rate. No estimate of false positive rate for a situation
such as the one described herein exists (Foll and Gaggiotti 2008), however we
do find that the number of candidate loci in the most extreme bin (posterior
probability > 0.99) is greater than the number with posterior probability between
0.95 and 0.99. This is not expected if only false positives are being identified.

Results
Mitochondrial DNA analysis. The results from the gene tree analysis, AMOVA
and SAMOVA all show support for genetic structure separating the island
populations from the mainland populations, a separation between the populations
on the north and south side of the Rio Aguán and a possible separation between
the two island populations. This indicates that the island populations have been
present for longer than predicted if they were established by recent human
introductions, over the last hundred years or so. The mitochondrial gene tree
reveals that there were no haplotypes shared between the mainland and Cayos
Cochinos samples. In the Cayos Cochinos, one common haplotype is shared
between the two islands, two are unique to the Cayos Pequeño sample and one
is unique to the Cayos Grande sample. On the mainland, two haplotypes are
found only on the north side of the river and three haplotypes on both the north
and south sides of the river. The south side of the river had no unique haplotypes
in this sample, however one haplotype was found only on the south side of the
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river and in an area on the north side, close to the narrowing of the river (Figures
1 and 2).
The SAMOVA analysis shows that as the number of groups increases the
FCT increases (Appendix IIa) whereas FSC decreases (Appendix IIb), as predicted
by Dupanloup et al. (2002). A plateau in the FCT values exists from k=3 through
k=10, which suggests that dividing the populations into additional groups does
not substantially improve the predicted population structure. We do see an
increase in FCT after k=10 but this is likely an artifact of having only one individual
sampled for some sites (Appendix II). When three groups are specified, the
Cayos Cochinos islands group together and there is a split mostly corresponding
to the north and south sides of the river on the mainland (Table 1). Given this
structure, 75% of the variation is explained as differences among groups and
these results are significantly different from random grouping. When four groups
are specified we still see the islands together, however there are basically two
groups south of the Rio Aguán and one group north of the Rio Aguán (Table 1).
Given this structure, 76% of the variation is among groups, only a 1%
“improvement” over k=3.
The AMOVA results based on a priori grouping consistent with geography
largely agree with the three group structuring from the SAMOVA results. The only
difference is that one site on the north side of the river groups with the south
side, and one group from the south side groups with the north side in the
SAMOVA k=3 model. The AMOVA analysis finds that 41% of the variation is
among groups and this result is significant under the k=3 model where the
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islands are grouped together and the north and the south side of the river are
separate. However, when the two islands are separated for the k=4 model we
find that only 18% of the variation is among groups and the result is not
significantly better than random grouping (Table 1). This configuration has
13860 unique permutations, so there would have been ample power to reject the
null hypothesis if it was the grouping that maximized FCT given k = 4 (Fitzpatrick
2009).

Demographic Statistics. The null hypothesis of mutation-drift equilibrium was not
rejected when each of the four populations inferred from the mtDNA were used
(Table 2). Thus, following Finn et al. (2009), we are unable to reject the null
hypothesis of long-term demographic stability. Caution should be taken when
using this method of classifying both the stability of populations and in turn the
long-term habitat stability, especially in the context of conservation and
management. Though many of these statistics can be used with confidence to
infer certain events, such as bottlenecks, failure to reject the null hypothesis
should not be considered equivalent to accepting the conclusion of demographic
stability. In other words, there may be biologically relevant events that have
occurred which are statistically not significant, due to sample size or the power of
the analysis.

Nuclear data analysis. Using the clustering methods, approximate posterior
probabilities and delta K, in Structure 2.2 we find that variation in the best
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number of groups is exhibited between the four primers (Appendix III). Two
primers find the greatest support for K=2, one primer for K=1 and one for K=3
(Appendix III). This indicates substantial heterogeneity among markers in the
degree of differentiation. However, when the data from all primers was run
together, for the subset of 51 individuals, we saw support for K=2. In addition, all
primers exhibited statistically significant multilocus differentiation between a priori
groupings according to the randomization test in AFLP-SURV (Table 3). Our
analysis using STRUCTURE might be conservative in identifying clusters, but the
putative clusters found correspond well with expectations based on geography
and mtDNA. When three groups are supported, the mainland and each island
population are separate (Figure 3a). When two groups are supported, a split is
evident between Cayos Cochinos and the mainland populations (Figure 3b and
3c).
Using AFLP-SURV 1.0 (Vekemans 2002) we estimated multi-locus FST in
order to address differentiation between various populations, specifically to
answer the question of mainland-island differentiation. All four primers showed
significant FST values at both the global and mainland-island levels (Table 3)
Though some variation in the value of FST does exist between primers, these
values are generally low. This indicates that recent isolation is most likely the
force behind this division as contemporary gene flow between the mainland and
island populations is extremely unlikely. When considering the two Cayos
populations and the two mainland populations as four separate groups, the FST
values differed between populations and between primers, however, FST was
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always greatest between the population north of the Rio Aguán and the Cayos
Pequeño population and lowest between the two mainland populations (with the
exception of CTTG), and at times between the island populations (Table 3).
BayeScan (Foll and Gaggiotti 2008) was used to screen for individual
markers with deviant levels of geographic differentiation. From the posterior
probability estimates we detected eight AFLP bands using a threshold of (Pr{αi ≠
0 | data} > 0.95) that show FST values that are higher than expected if due only to
random variation among markers. However, because we were concerned with
rigorously evaluating the possibility of local adaptation rather than identifying or
counting candidate loci, we used a higher threshold (Pr{αi ≠ 0 | data} > 0.99) and
detected five individual loci that showed evidence of exceptional divergence
between the mainland and island populations (Figure 4). These AFLP markers
might be linked to loci contributing to differential local adaptation between island
and mainland habitats.
Candidate markers were not evenly distributed among the four AFLP
primers, explaining the low level of multilocus differentiation exhibited by one
primer. This heterogeneity among primers is not unexpected based on the
heterogeneity among AFLP bands. Of 310 scored bands, 50% were fixed in the
entire sample or showed only one individual iguana without the majority
phenotype, and only a minority of variable bands were highly differentiated
among groups. However, even when we removed the eight loci that are
seemingly associated with selection we still see support for the island-mainland
separation (K=2) in the STRUCTURE analysis.
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Discussion
Four concordant lines of data demonstrate that two separate evolutionarily
significant units should be considered within C. melanosterna. The results from
both the mtDNA and AFLP analyses show support for a split between the
populations in the Valle de Aguán and Cayos Cochinos. Further the AFLP data
indicate possible adaptive differentiation between the two groups (Figure 4),
consistent with the strong contrast between the xeric, Acacia dominated habitat
of the Valle de Aguán and the more mesic oak forests of the Cayos Cochinos.
Additional management units within these ESUs may be appropriate; some data
support differentiation between the two islands or across the Rio Aguán, however
these patterns need to be verified by additional data. What seems clear is that
the relatively protected population of C. melanosterna on Cayo Pequeño is not
representative of (exchangeable with) the mainland form and, therefore, an
irreplaceable element of biodiversity would be lost if the Valle de Aguán
population is allowed to go extinct.
The gene tree analysis of the mtDNA data clearly demonstrates a division
between the island populations and the mainland populations as none of the
observed haplotypes were found in both general locations (Figure 2). The
AMOVA and SAMOVA analyses also show support for this separation with the
addition of a separation between the mainland populations found on the south
side of the Rio Aguán and those found to the north (Table 1). The AFLP data are
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concordant with the principal separation of Cayos Cochinos from the mainland,
however instead of then showing support for an additional mainland separation,
some of these data show support for separating Cayos Grande from Cayos
Pequeño (Figure 3, Table 3).
Understanding the structure, and thus defining the units and prioritizing
those units is vital to both a proactive and reactive conservation program (Brooks
et al. 2006). One of the most commonly used and appropriate ways to classify
groups of organisms for conservation is into ESUs, which are supported as
“species” or DPSs by the ESA. A variety of ways to define ESUs have been
developed, and disagreement exists between these definitions (Waples 2005).
Pennock and Dimmick (1998) argued that this ambiguity is beneficial in allowing
decisions to be made, on a case-by-case basis, as to which variables are most
important. As things stand, research is needed on a case-by-case basis to
predict the consequences of alternative conservation strategies.
From sequencing a portion of the mitochondrial genome or scanning the
nuclear genome, individuals from the mainland can be differentiated from those
on Cayos Cochinos. Thus Moritz’s (1994) criterion of significant differentiation at
the nuclear level (Table 3) is met and the criterion of reciprocal monophyly
(Figure 2) is partially met with this dataset. In addition to the genetic data, simply
looking at the geography of the area one can deduce that the mainland and
island populations are not only separated by an expanse of land but also by the
Caribbean Sea; therefore, Waples’ (1991) first criterion of reproductive isolation
is also met with these data. However, to meet Waples’ second criterion of distinct
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adaptations or evolutionary legacy and the similar criteria of many of the other
definitions of an ESU (Ryder 1986, Dizon et al. 1992, Crandall et al. 2000), our
attention must turn to evidence for adaptive variation or differential selection and
concordance between additional lines of data.
The genomic heterogeneity in the degree of divergence inferred from
BayeScan is consistent with adaptive differentiation between the mainland and
island populations. The amount of variation exhibited by the AFLPs is low overall,
implying recent isolation. However, at least five alleles are strongly differentiated,
likely as a result of local selective sweeps at linked loci. The Cayos Cochinos
island habitat is dominated by evergreen oak forest whereas cacti and Acacia
plants dominate the Valle de Aguán mainland habitat. Though detailed dietary
studies have not yet been conducted, it is clear that individuals in each
population are foraging on extremely different plants, as there is little overlap in
the flora between sites. Likewise, these different habitats afford different soil
types and occur in areas of highly different weather patterns (SA Pasachnik pers.
obs.). Therefore the reproductive biology, such as nesting times may also vary
(Colli 1991, Gillis and Ballinger 1991, Iverson et al. 1993, Jenkins et al. 2009).
Given the evidence of adaptive differentiation, Waples’ criterion of
preserving evolutionary legacy is met. There is also concordance between
different lines of data including genetics, geography and ecology, to support this
conclusion. Thus the criteria of Dizon et al. (1992) are met and there is support
for two ESUs. Further, following Crandall et al. (2000) we reject genetic and
ecological exchangeability between the mainland and island populations.
108

Ctenosaura melanosterna is, therefore, a case in which all lines of evidence,
under all sets of criteria, support the same conclusion of two unique ESUs.
The actions needed to protect these two ESU’s are very different. The
Cayos Cochinos populations are located within a National Monument and thus
will continue to be afforded a certain degree of protection, though this varies from
island to island as discussed above. In addition, the threats that the Cayos
Cochinos populations face are greatly reduced in comparison to the mainland
populations, as anthropogenic factors are not as prevalent. Continued protection
of the Cayos Cochinos populations is expected. However, given the data
presented herein, neglecting to protect the variation within the Valle de Aguán
will greatly reduce the amount of biodiversity that is conserved.
Failure to take further action in the Valle de Aguán will result in the
extirpation of these populations, leaving those on Cayos Cochinos as the only
representatives of this species. Given that the Cayos Cochinos islands are small
and in a hurricane zone, deciding to protect only these populations could result in
the extinction of this species. In addition, it is likely that C. melanosterna plays an
integral role in the functioning of the unique dry tropical forest that occurs in the
Valle de Aguán, just as its sister species C. palearis (Pasachnik et al. 2010)
plays in the ecologically similar Valle de Motagua (Coti and Ariano 2008). Thus
the extirpation of C. melanosterna could have a negative impact on the entire
Valle de Aguán ecosystem.
Management strategies such as translocations, or the creation of rescue
populations, and captive breeding and release programs have been discussed
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for this species. Failure to preserve the two distinct units identified herein will
result in the elimination of differential adaptations to their respective
environments. The relocation or release of individuals into areas of the ‘other’
ESU and the subsequent interbreeding may result in the deleterious effects of
outbreeding depression in the following generations (eg. Sunnucks and Tait
2001), and, in turn, the possible extinction of the species. Further, because the
exact substructure within each of the units is not yet understood, breeding and
translocation programs should respect the secondary subdivisions (separation of
the islands and the north and south side of the Aguán river), until there is ample
data to do otherwise. Lastly, those individuals that are currently in ex situ
breeding programs, and for which the origin is unknown, should not be released
into the wild until their origin can be determined, because of the potential harm
outbreeding depression could cause to the species as a whole.
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Appendix IIIa. Figures and Tables
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Figure III - 1. Map of the distribution of Ctenosaura melanosterna in the Valle de
Aguán and Cayos Cochinos, Honduras. Top photo depicts the typical beach
habitat of Cayos Cochinos including numerous palms. Bottom photo depicts
typical habitat in the Valle de Aguán with a cactus in the foreground.
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Figure III - 2. Maximum likelihood and Bayesian combined mitochondrial gene
tree. Values above nodes represent posterior probabilities and values below
nodes represent bootstrap support. Value inside parentheses indicates
sample size. S=south of the Aguán river and N=north of the Aguán river.
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Figure III - 3. Structure plots by primer, indicating the number of groups best
supported. South indicated south of the Aguán river and north indicates
north of the Aguán river.
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Figure III - 4. The frequency by which Foll and Gaggiotti's (2008) α is observed,
illustrating variation among AFLP markers in the degree of differentiation
between mainland island samples of C. melanosterna. Outliers detected by
BayeScan (Foll and Gaggiotti 2008) are shown in grey (Pr{αi ≠ 0 | data} >
0.95) and black (Pr{αi ≠ 0 | data} > 0.99).
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Table III - 1. A priori and SAMOVA groupings for three and four groups. Percent
variation and associated significance obtained from AMOVA for both sets of
groups.
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Table III - 2. Sample size, population genetic information, and demographic
statistics for each Ctenosaura melanosterna populations. Significance based
on p<0.05 and calculated from the data/coalescent simulations (following
Finn et al. 2009).

Cayos

Cayo Pequeno Cayo Grande Aguan Valley North of Rio South of Rio

n
No. of haplotypes
Nucleatide diversity
Demographic Statistics
MAE
rg
R2
D
D*
Fs

34
4
0.00014

24
3
0.00010

10
2
0.00021

47
5
0.00306

31
5
0.00160

16
3
0.00249

0.12230
0.35940
0.08070
-1.55550
-1.53788
-2.9160 no/*

0.07390
0.48330
0.13820
-1.51469
-2.15908
-2.07800

0.18650
0.20990
0.17780
0.01499
0.80424
0.41700

0.66750
0.08980
0.20140
2.36041*/no
1.51030*/no
7.65600

0.64570
0.07430
0.10350
-0.52703
1.05234
2.49600

1.31220
0.44520
0.20770
1.53004
0.97526
5.90600

Demographic Category

4/5

4

4

3/4

4

4
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Table III - 3. FST values from AFLP SURV.

Multilocus
Primer
CTAC

CTAG

CTTC

CTTG

CG
CG
CP
N
S
CG
CP
N
S
CG
CP
N
S
CG
CP
N
S

0.074
0.086
0.076
0.148
0.140
0.125
0.085
0.063
0.088
0.000
0.010
0.000

CP

Global

MainlandIsland

0.072*

0.107*

0.106*

0.078*

0.070*

0.092*

0.013**

0.039*

N

0.103
0.103

0.994
0.102

0.101
0.092

0.039
0.036

* p <0.0001
** p = 0.02
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0.000

0.016

0.000

0.005

Appendix IIIb. Habitat photos.
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Photos of the Valle de Aguán (above, courtesy of JP Corneil) and Cayos
Cochinos (below, courtesy of CH Montgomery). Notice the large cactus in the
foreground of the top row of photos and the palms and oak trees in the bottom
row of photos.
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Appendix IIIc. F parameters from SAMOVA
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F parameters for different numbers of groups (k) generated using SAMOVA a)
FCT and b) FSC

a.

b.
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Appendix IIId. Average log probability of the data (left) and
change of log probability
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Average log probability of the data (left) and change of log probability of the data
(right), for each primer. K represents the number of groups ranging from 1-8.
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GENERAL CONCLUSIONS
PART I. GENE TREES, SPECIES AND SPECIES TREES WITHIN
THE CTENOSAURA PALEARIS CLADE
•

The objective of this research was to resolve the relationships between
the four species within the C. palearis clade (C. bakeri, C. oedirhina, C.
melanosterna, and C. palearis) occurring in Honduras and Guatemala.

•

We used several recently developed methods for using DNA sequence
data to evaluate the species boundaries and relationships, in addition to
an evaluation of morphological data, and taking into account geography.

•

This process demonstrates the challenging nature of estimating a species
tree for a group characterized by recent divergence, and illustrates the
importance of using multiple lines of data to evaluate such a question,
especially in cases where conservation and management depend upon
the conclusions.

•

In this case, the commonly used practice of estimating a phylogenetic tree
from concatenated data gives a tree with high support values but one that
conflicts with the (also strongly supported) estimate from explicit species
tree methods.
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•

The concatenated analysis is misleading, due to the strong influence of
one marker, and that the BEST/MDC/STAR species tree is most likely the
correct representation of the relationship between these species.

•

Congruence among three crucial lines of data used in delimiting species molecular, geographical, and morphological - was observed. Thus, the
results of this study support the prior species-level taxonomy of the C.
palearis clade.

•

The level of DNA sequence divergence among species of the C. palearis
clade indicates that speciation occurred in quick succession a few million
years ago, around the same time as the closing of the Isthmus of Panama.

•

Our analyses show that the four species in the C. palearis clade are
recently derived but distinct and independent evolutionary lineages that
should each be protected as unique elements of Mesoamerican
biodiversity.
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PART II. GENE FLOW BETWEEN AN ENDANGERED ENDEMIC
IGUANA, AND ITS WIDE SPREAD RELATIVE ON THE ISLAND OF
UTILA, HONDURAS: WHEN IS HYBRIDIZATION A THREAT?
•

The objective of this research was to evaluate the potential threat that
gene flow from the common and widely distributed congener, C. similis,
could have to the genetic distinctiveness of the island endemic, C. bakeri.

•

We used a combination of DNA sequence data and visual identification of
morphological characters to evaluate the level of introgression observed
across the island. We also used molecular techniques to evaluate a
putative hybrid described by Köhler and Blinn in 2000 that was known to
have produced viable offspring.

•

Our results revealed two wild caught individuals that showed genealogical
discordance. Morphological evaluation of 599 wild caught individuals,
however, revealed no intermediate or mosaic phenotypes.

•

The molecular evaluation of the putative hybrid revealed marker
heterozygosity, thus supporting conclusions drawn from the previous
morphological evaluation.

•

These results indicate that fertile hybrids are occasionally produced in the
wild when C. bakeri and C. similis mate, however, Ctenosaura bakeri and
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C. similis are morphologically and genealogically distinct and nearly
completely reproductively isolated.

•

The frequency of hybrids could increase if the frequency of interspecies
matings increases or if ecological conditions favoring hybrid genotypes
were to become widespread, e.g. future destruction of habitat on Utila.
Therefore, continued genetic monitoring of this situation is justified.

•

Ctenosaura bakeri is listed as Critically Endangered and as in need of
protection by the Honduran government. As its optimal habitat is
destroyed, ecological interactions with C. similis may contribute to the
decline of C. bakeri if competition prevents the latter from using a broader
range of habitats.

•

Conservation efforts should thus focus on preservation and restoration of
mangrove stands and nesting beaches in order to combat both direct and
indirect affects of the destruction of the habitat and to improve the
chances of persistence for C. bakeri.
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PART III. POPULATION GENETICS OF CTENOSAURA
MELANOSTERNA: IMPLICATIONS FOR CONSERVATION AND
MANAGEMENT
•

The objective of this research was to elucidate the within and among
population variation of Ctenosaura melanosterna throughout its range in
the Valle de Aguán and Cayos Cochinos, Honduras.

•

Four concordant lines of data demonstrate that two separate evolutionarily
significant units should be considered within Ctenosaura melanosterna.
The results from both the mtDNA and AFLP analyses show support for a
split between the populations in the Valle de Aguán and Cayos Cochinos,
Honduras.

•

Further the AFLP data indicate possible adaptive differentiation between
the two groups, consistent with the strong contrast between the xeric,
Acacia dominated habitat of the Valle de Aguán and the more mesic oak
forests of the Cayos Cochinos.

•

Additional management units within these ESUs may be appropriate;
some data support differentiation between the two islands or across the
Rio Aguán, however these patterns need to be verified by additional data.
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•

The relatively protected population of C. melanosterna on Cayo Pequeño
is not representative of (nor exchangeable with) the mainland form and is,
therefore, an irreplaceable element of biodiversity would be lost if the Valle
de Aguán population is allowed to go extinct.

•

The actions needed to protect these two ESU’s are very different. The
Cayos Cochinos populations are located within a National Monument and
thus will continue to be afforded a certain degree of protection. In addition,
the threats that the Cayos Cochinos populations face are greatly reduced
in comparison to the mainland populations.

• Failure to preserve the two distinct units identified herein will result in the
elimination of differential adaptations to the environments of each of the
two units, and therefore a loss of biodiversity.

• The relocation or release of individuals into areas of the “other” ESU and
the subsequent interbreeding may result in the deleterious effects of
outbreeding depression in the following generations and, in turn,
contribute to the possible extinction of the species.

• Since the exact genetic substructure within each of the units is not yet
understood, breeding and translocation programs should respect the
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secondary subdivisions (separation of the islands and the north and south
side of the Aguán river), until there is sufficient data to do otherwise.

• Those individuals that are currently in ex situ breeding programs, and for
which the origin is unknown, should not be released into the wild until their
origins are elucidated, because of the of risk of outbreeding depression
and the harm that this would cause to the species as a whole.
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